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PREFACE 


It is with great pleasure and satisfaction that I present to 
the international scientific community this collection of papers 
presented at the symposium on Surface Phenomena in Enhanced Oil 
Recovery held at Stockholm, Sweden, during August 20-25, 1979. It 
has been an exciting and exhausting experience to edit the papers 
included in this volume. 


The proceedings cover six major areas of research related to 
chemical flooding processes for enhanced oil recovery, namely, 1) 
Fundamental aspects of the oil displacement process, 2) Micro- 
structure of surfactant systems, 3) Emulsion rheology and oil dis- 
placement mechanisms, 4) Wettability and oil displacement mecha- 
nisms, 5) Adsorption, clays and chemical loss mechanisms, and 6) 
Polymer rheology and surfactant-polymer interactions. This book 
also includes two invited review papers, namely, "Research on 
Enhanced Oil Recovery: Past, Present and Future," and "Formation 
and Properties of Micelles and Microemulsions" by Professor 
J. J. Taber and Professor H. F. Eicke respectively. 


This symposium volume reflects the current state-of-art and 
our understanding of various surface phenomena in enhanced oil 
recovery processes. The participation by researchers from various 
countries in this symposium reflects the global interest in this 
area of research and the international effort to develop the science 
and technology of enhanced oil recovery processes. 


It is difficult to summarize all the phenomena discussed in 
this volume. However, major topics include ultralow interfacial 
tension, phase behavior, microstructure of surfactant systems, 
optimal salinity concept, middle-phase microemulsions, interfacial 
rheology, flow of emulsions in porous media, wettability of rocks, 
rock-fluid interactions, surfactant loss mechanisms, precipitation 
and redissolution of surfactants, coalescence of drops in emul- 
sions and in porous media, surfactant mass transfer across inter- 
faces, equilibrium vs. dynamic properties of surfactant/oil/brine 
systems, mechanisms of oil displacement in porous media, ion- 
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exchange in clays, polymer rheology and surfactant-polymer inter- 
actions. 


The volume includes discussions of various phenomena at the 
molecular, microscopic and macroscopic levels. I hope that this 
book will serve its intended objective of reflecting our current 
understanding of surface phenomena in enhanced oil recovery 
processes. It is also my earnest hope that this volume will be 
useful to researchers in this area as a valuable reference source. 


Dinesh 0. Shah 

Professor of Chemical Engineering, 
Anesthesiology and Biophysics 
University of Florida, Gainesville, 
Imloventela, SWOIuL.  WoS aXe 
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Departments of Chemical Engineering and Anesthesiology 
University of Florida 
Gainesville, Florida 32611, U.S.A. 


In view of the world-wide shortage of petroleum and the fact 
that almost 65% to 70% of original oil-in-place is left in the 
reservoirs at the end of waterflooding, the importance of tertiary 
oil recovery methods to produce additional oil can hardly be over- 
emphasized. The enhanced oil recovery methods can be divided in 
two major groups, namely, thermal processes and chemical flooding 
processes. The in situ combustion, steam injection, wet combus-— 
tion, etc., fall in the first category whereas the caustic flood- 
ing, surfactant flooding, micellar-polymer flooding, CO» flooding, 
etc., fall in the second category of processes. 


At the end of the waterflooding, the residual oil is believed 
to be in the form of discontinuous oil ganglia trapped in the 
pores of rocks in the reservoir. The two major forces acting on 
an oil ganglion are the viscous forces and the capillary forces. 
In an oil recovery process, the microscopic displacement efficiency 
is determined by the ratio of these forces. Melrose and Brandner 
(1) suggested a parameter, the capillary number which is the ratio 
of the viscous to capillary forces (Figure 1). It is generally 
recognized that at the end of the waterflooding, the capillary 
number is around 10-6. In order to recover additional oil by a 
chemical flooding process, the capillary number has to be in- 
creased to around 10-3 to 10-2. Under practical reservoir condi- 
tions, this change in capillary number of 3 to 4 orders of magni- 
tude can be achieved by decreasing interfacial tension at the 
oil/brine interface. Generally, the crude oil/brine interfacial 
tension can be in the range of 20 to 30 dynes/cm. Using an ap- 
propriate surfactant system, this interfacial tension can be 
reduced to 1073 or 10-4 dynes/cm under given conditions. In 
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Fig. 1. The effect of capillary number, N., on the microscopic 
oil displacement efficiency in porous media of various 
size distribution (Ref. 1). 


other words, if one considers interfacial tension at the oil 
ganglia/brine interface as the major factor resisting the defor- 
mation of the ganglion during the passage through narrow channels 
between sand particles (or pore necks), the reduction in inter- 
facial tension decreases this resistance to deformation. 


Figure 2 shows a schematic three-dimensional view of a petro- 
leum reservoir. For example, one can use an inverse five-spot 
pattern to inject a surfactant solution in the reservoir. As shown 
at the bottom of Figure 2, the reduction in interfacial tension 
leads to mobilization of oil ganglia which produces an oil bank. 
This oil bank is propagated to the production wells by the use of 
a polymer buffer solution followed by the drive water. Since 
surfactant and polymer slugs are the major components of a 
surfactant/polymer flooding process, a brief introduction is given 
regarding the structural aspects of these solutions. 


Figure 3 shows the molecular aggregation process in an aqueous 
surfactant solution (2,3). At very low surfactant concentrations, 
the surfactant remains as monomers in the solution in equilibrium 
with adsorbed film of surfactant molecules (Figure 3B). As the 
surfactant concentration is increased, the surfactant molecules 
begin to form aggregates or micelles in a very narrow range of 
concentration called the critical micelle concentration (cmc) 
(Figure 3A). Further increase in surfactant concentration results 
in the formation of more micelles with monomer concentration re- 
maining constant. The interior of micelles provides a nonpolar 
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Fig. 3. Adsorption, micelle formation, solubilization and inter- 
actions at the micelle surface. 


environment for solubilization of oil soluble species. Thus, oil 
can be solubilized within micelles resulting into swollen micelles 
of larger dimensions (Figure 3D). In the presence of polymers, 
surfactant and polymer molecules may associate or may result in 
phase separation depending upon the structure of surfactant and 
polymer and the physico-chemical conditions. Temperature and salt 
concentration as well as the presence of divalent or multivalent 
cations have a significant effect on the size of the micelles and 
the cmc. The micelles are dynamic structures with lifetime in the 
range of milli-seconds (4). The kinetics of micelles can be 
strikingly influenced by the addition of short chain alcohols (5). 
Hence, the rate of transfer of surfactant molecules from the bulk 
solution to the oil/brine interface can be significantly influenced 
by the addition of short chain alcohols (6), presumably due to 
kinetics of the micellar solutions. 


As the concentration of surfactant is increased, there can be 
several structural transitions from spherical micelles to cylin- 
drical micelles to lamellar micelles, etc. (Figure 4). It should 
be emphasized that Figure 4 is only a schematic presentation of 
structural transitions commonly observed and does not imply that 
every surfactant undergoes these structural transitions. However, 
in general, many surfactants have shown similar structural transi- 
tions depending upon the surfactant structure, concentration and 
physico-chemical conditions such as temperature, pH and the pres- 
ence of electrolytes. It should be emphasized that the monomer 
concentration and the driving force for surfactant molecules to 
adsorb at the interface will change with these structural transi- 
tions. Therefore, the microstructure of surfactant solution is 
important in relation to the magnitude of interfacial tension, the 
extent of solubilization, rheological properties, adsorption and 
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other chemical loss mechanisms. The stability of these structures 
is also important in relation to the rate of mass transfer from 
bulk solution to the oil/brine interface. 


The Mechanism of Displacement of Oil Ganglia in Porous Media 


Figure 5 schematically illustrates the role of ultralow in- 
terfacial tension for the movement of an entrapped oil ganglion 
through the narrow neck of pore. As mentioned previously, the 
ultralow interfacial tension minimizes the work necessary to deform 
the interface of the oil ganglion as it moves through the narrow 
neck of pores. With the use of appropriate surfactant systems, a 
large number of oil ganglia can be mobilized. The subsequent co- 
alescence of these oii ganglia is a necessary condition to form an 
oil bank. It has been known that high interfacial viscosity pre- 
vents whereas low interfacial viscosity promotes the coalescence 
of oil drops. As shown in Figure 6, thus, a very low interfacial 
viscosity is desirable for coalescence of oil ganglia to form an 
oil/brine bank. 


Figure 7 illustrates the propagation of the oil bank and its 
subsequent coalescence with additional oil ganglia. If ultralow 
interfacial tension is not maintained at the surfactant slug/oil 
bank interface, considerable oil would be lost due to entrapment 
process (6). Hence, an efficient oil recovery process requires 
the presence of ultralow interfacial tension at the trailing edge 
of the oil bank. 


In addition to the factors mentioned earlier (e.g., ultralow 
interfacial tension and coalescence of oil ganglia), mobility con- 
trol of the oil bank and surfactant slug is an important require- 
ment for a successful oil recovery process. As shown in Figure 8, 
polymer solutions are used as drive fluids for proper mobility 
control of the oil recovery process. The dispersion of surfactant, 
polymer, oil and brine during the flow could lead to emulsion for- 
mation and/or phase-separation due to surfactant-polymer incompati- 
bility (7). Efforts should be made to minimize the formation of 


Fig. 5. The effect of interfacial tension on the movement of oil 
ganglia through narrow neck of pores. For the movement 
of the oil ganglia a very low oil/water interfacial ten- 
sion is desirable ~ 0.001 dynes/cm. 
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Fig. 7. An efficient propagation of an oil bank* through porous 
media requires ultralow interfacial tension at the trail- 
ing edge of the oil bank. 
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high viscosity structures or phases during the oil displacement 
process. 


As shown in Figure 9, the contact angle of oil on rock surface 
depends on the wettability of the rock. Hence, the oil displace-— 
ment by a surfactant slug is influenced by the wettability of the 
rock surface. 


From the laboratory studies on a crude oil, we have shown (8) 
that the surface charge density of an oil ganglion can strikingly 
influence its displacement efficiency. High surface charge density 
leads to low interfacial tension, low interfacial viscosity and 
strong electrical repulsion between oil droplets and sand particles 
(Figure 10). 


An oil/brine/surfactant/alcohol system often forms a middle 
phase microemulsion in an appropriate salinity range. The salinity 
at which the middle phase microemulsion contains an equal volume 
of oil and brine is defined as the optimal salinity (9). At the 
optimal salinity, the interfacial tension is in the millidynes/cm 
range at both oil/microemulsion and microemulsion/brine interfaces, 
and the oil recovery is maximum (6,9). Moreover, we have shown 
(10) that at optimal salinity, the coalescence time or phase- 
separation time is minimum for oil/brine/surfactant/alcohol sys- 
tems. When these systems are pumped through porous media, a 
minimum pressure drop or apparent viscosity is observed at the 
optimal salinity (10). All these phenomena occurring at optimal 
salinity are summarized in Figure 11. In a recent study, we have 
also found that the surfactant loss in porous media is minimum at 
the optimal salinity. Therefore, besides ultralow interfacial ten- 
sion, a favorable coalescence process for mobilized oil ganglia 
and the minimum apparent viscosity (or minimum AP) of the oil bank 
and the minimum surfactant loss are the other factors contributing 
towards the maximum oil recovery at the optimal salinity. 


Figure 12 shows three major areas of research for enhanced 
oil recovery, namely, chemistry of reservoir components and injec- 
tion fluids, and reservoir engineering. A better understanding of 
complex interactions between injection fluids and reservoir compo- 
nents (e.g., oil, brine, rocks, clays and minerals) is highly de- 
sirable for a successful application of various oil recovery 
processes. The economic feasibility and optimization are the two 
important criteria which must be considered for implementation of 
various oil recovery processes. 


This symposium includes two overview invited lectures by 
Professor J. J. Taber on "Enhanced Oil Recovery: Past, Present 
and Future" and Professor H. F. Eicke on "Aggregation in Surfact- 
ant Solutions: Formation and Properties of Micelles and Micro- 
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emulsions.'' The six sessions of this symposium focus on the fol- 
lowing aspects of oil displacement: 1) Fundamental aspects of oil 
displacement process, 2) Microstructure of surfactant systems, 3) 
Emulsion rheology and oil displacement mechanisms, 4) Wettability 
and oil displacement mechanisms, 5) Adsorption, clays, and chemi- 
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cal loss mechanisms, and 6) Polymer rheology and surfactant- 
polymer interactions. It is hoped that the papers of this sympo- 
sium will reflect the current state of art in oil recovery pro- 
cesses and will highlight the problems still remaining to be solved. 
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I: FUNDAMENTAL ASPECTS OF THE OIL DISPLACEMENT PROCESS 


RESEARCH ON ENHANCED OIL RECOVERY: PAST, PRESENT AND FUTURE 


Jee rabers 


New Mexico Petroleum Recovery Research Center 
New Mexico Institute of Mining and Technology 
Socorro, New Mexico 87801, U.S.A. 


Past and present research on Enhanced Oil Recovery is reviewed 
with emphasis on the surface phenomena involved. The nature of cap- 
illary pressure phenomena in porous media has been understood for 
some time, and much research has been devoted towards the alteration 
of the surface forces which prevent the efficient displacement of 
oil by water. Early work often treated surface active agents as 
wetting agents designed to remove the oil from the solid surface by 
classical detergent action. More recent work has recognized the 
strong influence of oil-water interfacial tension on the displace- 
ment of discontinuous oil blobs or ganglia. Therefore, surfactant 
systems are now being developed to produce the lowest possible oil- 
water interfacial tensions by adjusting the various components and 
thus, the phase behavior in the total system. In addition to inter- 
facial tension, the phase behavior itself can strongly influence 
the oil displacement. The surfactant work, current work in blob 
mechanics, current research in CO» flooding, and past results in 
alcohol flooding all indicate that an expanding oil phase is very 
important for effective oil displacement. Therefore, much current 
research is directed toward methods which utilize materials (in- 
cluding gases such as COy and mobility control agents) to dislodge 
oil blobs, or to prevent their entrapment by maintaining a con- 
tinuous oil phase and improving sweep efficiency during displace- 
ment. The general direction of future research on enhanced oil 


recovery is predicted. 


INTRODUCTION 


According to legend, the first successful attempts to force 
oil from underground rocks by the injection of another fluid 
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occurred by accident. In the early oil production days in 
Pennsylvania, wells were often abandoned improperly, and surface 
water was allowed to enter the productive sand zone (1,2). Actually, 
the first deliberate waterflood for oil recovery may have occurred 
in Sweden prior to 1740 when "running water was used to produce 
crude oil from galleries cut into the rocks bearing strata of Utay 
and sand'" (3). Early operators in America feared that water 
entering the productive zone would "drown" the oil wells and for 
years, many states had laws which prohibited the injection of water 
into oil-producing sands. However, the increased production from 
waterflooding was observed consistently and by 1940, it was con- 
sidered to be "unquestionably the most efficient method ever devised 
for increasing oil recovery" (1). 


In spite of the enormous effectiveness of waterflooding, the 
early engineers soon realized that waterflooding still bypassed 
some oil. A patent was granted in 1917 for the addition of alkali 
to the flooding water (4), and by 1925 (5), engineers were describing 
how the surface forces which were responsible for holding the oil 
in the rock might be altered for better oil recovery. This paper 
will examine some of these surface chemistry methods and comment on 
the "state of the art" in enhanced recovery today. Because this is 
a conference on surface chemistry, emphasis will be placed on 
methods that alter or eliminate the surface forces which exist be- 
tween oil and water or between any of the fluids or the fluids and 
solids which are found in petroleum reservoirs. Recovery methods 
which depend primarily on heat will not be reviewed. 


EARLY WORK ON DISTRIBUTION OF OIL, WATER 
AND GAS IN THE POROUS ROCKS 


From the earliest times, man has recognized that the material 
called petroleum comes from rocks (3). Although the mechanics of 
the flow of petroleum, water and gas from these rocks are still 
being studied, the early petroleum engineers soon recognized that 
the oil must flow through very small passages between the sand 
grains, and that capillary forces must be involved wherever inter- 
faces occur between two fluids. The earliest published work on the 
large resistance to flow caused by a series of bubbles in a cap- 
illary was that by Jamin (6) in 1859. 


The early oil production experts were well aware of this 
effect. Indeed, Herold (7), in a comprehensive book dealing with 
mechanisms of oil production, bases his entire description of 
Paleozoic production (half of the book) on the fact that oil and 
gas are distributed uniformly as tiny droplets of oil and little 
bubbles of gas (he ignores water) which occur in sequence through 
all pore space within the rock. Just as Jamin (6) found that a 
series of gas bubbles in a perfectly smooth capillary tube could 
build up large resistances to flow, Herold (7) pointed out that 
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one could visualize thousands of gas bubbles interspersed between 
the oil phase in either smooth or rough capillaries, and that large 
pressures could be built up even though the pressure across an 
individual gas bubble was very small. Although Jamin's original 
effect was observed only in smooth capillary tubes, writers now 
apply the name to all situations which involve resistance to flow 
whether it be from the hysteresis of the contact angle in smooth 
capillary tubes, the change in the radius of the capillary in a 
pore neck, or a change in interfacial tension at the forward and 
trailing edge of the bubble (8). 


The distribution of the oil, gas and water in the porous 
medium was better understood when Botset and Wyckoff (9) carried 
out the first experiments on relative permeability. They showed 
that either oil or gas would flow only if a specific minimum satu- 
ration of the phase in question existed in the flow region of the 
porous material. Some of the early workers also recognized that 
either the oil or gas droplets could be discontinuous, and in this 
condition, would be hard to displace by flowing water because of 
the Jamin effect. In 1927, Uren and Fahmy (10) investigated a 
number of "factors" which affect the recovery of petroleum from 
unconsolidated sands by waterflooding. Table 1 lists these factors 
and the general results observed by Uren and Fahmy. With one ex- 
ception (rate), the results observed by Uren and Fahmy are similar 
to generalizations which most experts in this field claim today 
after work of more than 50 years. 


From Table 1, it is noted that waterflooding is more effective 
in coarse sand packs (therefore high permeability), in sands of 
high porosity, in sands with the most uniform textures, in sands 
which seem to have an intermediate wettability, with oils of lower 
rather than high viscosities, with low oil-water interfacial ten- 
sions, at high temperatures of the waterflood, and with flood 
waters which contain alkaline additives, especially those agents 
which react with sand to produce silicates. Most of Uren and 
Fahmy'’s conclusions have been borne out by the hundreds of com- 
prehensive studies which have been conducted since that time. As 
one who has worked at different periods of his life in this field, 
it is almost embarrassing to examine Uren and Fahmy's work of 1927 
and realize that we still have not answered some of the questions 
which Uren explored with his rather simple experiments. In any 
event, it is clear that Uren and other early workers recognized 
that the capillary forces are responsible for holding the oil in 
the rock because the capillaries are so small that the surface 
forces far exceed the viscous forces which are available from 
waterflooding gradients in the reservoir. Therefore, it was log- 
ical that they should turn to materials which could modify the 
oil-water interfacial tension or the oil-water-rock contact angle 
to reduce the magnitude of the surface forces which hold the oil 
back during a displacement process. These attempts to change the 
surface forces and permit water to release or displace oil more 
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effectively may be classed into three broad and often overlapping 
areas, i.e., attempts to: (1) change wettability, (2) change oil- 
water interfacial tension, or (3) remove the interface entirely 
(miscible flooding). Each of these areas will be treated sepa- 
rately although the interactions and overlap between them may be 
very strong. 


WETTABILITY 


Wettability must seem like the weather to most students of 
enhanced recovery research: until recently everyone talked about 
it but no one did anything about it. Now, however, professional 
rainmakers (using results of good surface and colloid research) do 
attempt to change the weather even though controversy surrounds 
their efforts. So it is with wettability, much has been learned 
in the last 50 years, but it is difficult to turn the knowledge 
directly into increased oil recovery. 


Wettability effects in capillary action were recognized long 
ago. The classic Jamin effect depends, of course, on the difference 
between advancing and receding contact angles, and without some 
preferential wetting, there can be no capillary forces. [In this 
paper, it can be assumed that contact angles are measured through 
the aqueous phase unless stated otherwise. The basic concepts and 
equations of capillarity, including contact angles are not reviewed 
here, but the reader is referred to a good analysis and review of 
the role of capillary effects in oil recovery in the work of 
Melrose and Brandner (11).] The influence of wettability on oil 
recovery, however, has been difficult to study systematically 
because of the nature of the surface forces involved. Contact 
angles can be measured on smooth silica plates with known liquids, 
and various additives can be studied in these laboratory-controlled 
systems. However, it is extremely difficult to study contact angles 
inside the porous medium, particularly if it is a rock made up of 
scores of different minerals of many shapes and sizes. 


Most early authors seemed to agree that wettability has an 
important effect on the recovery of oil during waterflooding. For 
example, Uren and Fahmy (10) commented on wettability in 1927. As 
Table 1 indicates, the best oil recovery (84%) was observed by them 
when they treated their sand to provide a smooth carbon-like sur- 
face on the sand grains. However, they were working with large 
grain sizes and were flooding from the bottom up, so gravity aided 
the oil production. 


A detailed description of the wettability effects was pre- 
sented by Benner, Riches and Bartell in 1938 (12) when they 
described not only wettability, but other aspects of the influence 
of surface chemistry on oil recovery. As director of API Project 
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27, Bartell and co-workers (13) emphasized that there should be no 
controversy about whether high energy surfaces such as silica are 
inherently water-wet or oil-wet. From a thermodynamic point of 
view, silica must always be wetted by water in preference to any 
hydrocarbon or mixtures of hydrocarbons. According to Bartell, 
this is true even if the hydrocarbons are crude oils with their 
many different substances, some of which are known to be surface 
active. He examined the competition between water and crude oils 
for silica surfaces, and he found no crude oils (even with their 
many nonhydrocarbon constituents) which had greater adhesion ten- 
sions for silica than did pure water. He did point out, however, 
that there were large differences between the wetting properties 
of crude oils, and that some might be found eventually which would 
wet silica better than water. 


Benner, Riches and Bartell (12) may also be responsible for 
one of the first detailed descriptions of the trapping of oil in 
capillaries during waterflooding, when capillary forces are much 
more important than the viscous forces. Using the classical pore- 
doublet model, they described the reasons for the advance of water 
in smaller capillaries (in water-wet systems), and the resultant 
trapping of segments of oil in larger capillaries. They carried 
out experiments to show conclusively that countercurrent flow of 
both oil and water is often observed in porous media wherein water 
is displacing oil under capillary control. 


Bartell and co-workers (14) also presented an early analysis 
of the importance of advancing and receding contact angles with 
respect to oil recovery. Although they apparently did not recog- 
nize the saturation versus pressure differences which are always 
observed when fluids are allowed to imbibe into or are drained 
from a porous medium (i.e., capillary pressure hysteresis), they 
did study advancing and receding contact angles for several crude 
oils in packed silica powders. They found that the advancing and 
receding water-oil contact angles varied over a very wide range 
for the different crude oils. To their surprise, they found many 
crude oils with advancing contact angles (measured through the 
aqueous phase, of course) which were considerably greater than 90°. 
Therefore, Bartell was forced to conclude that not all rocks behave 
in a water-wet fashion for every crude oil studied. However, he 
also found that the receding contact angle was less than 90° in 
every case. Thus, the hysteresis in a great many systems was often 
so great that advancing contact angles might indicate an oil-wet 
system and receding contact angles a water-wet system. With a 
system of this type, it is clear that neither the water nor oil can 
advance into a rock by capillarity alone. He concluded that spon- 
taneous displacement of oil by water should occur only in those 
cases where both advancing and receding contact angles are less 
than 90°, and that no spontaneous movement should occur where the 
two angles are on opposite sides of 90°. Since that time, this 
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non-imbibition of either oil or water has been observed by several 
workers (15-17). 


The importance of the hysteresis of the contact angle on the 
oil displacement mechanism has been recognized and commented on by 
many other workers in the field of oil recovery. Melrose (18) has 
studied the problem in some detail and points out that the complex- 
ity of the geometrical shapes in the individual interconnected 
pores can have a very large influence on this contact angle hyster- 
esis. His model predicts that the "pore structure in typical 
reservoir rock types of porous solids can lead to hysteresis ef- 
fects in capillary pressures even if a zero value of the contact 
angle is maintained" (18). Morrow (17) studied the effect of 
surface roughness on hysteresis and found that the difference be- 
tween advancing and receding angles could be related to the 
"intrinsic" angle (equilibrium angle) which is measured in the 
absence of roughness. In the intermediate wetting range, the dif- 
ference between advancing and receding angles can exceed 100° which 
means that there is a very wide range over which the porous medium 
will not imbibe either water or oil. 


Morrow (17) conducted his experiments on polytetrafluoro- 
ethylene (PTFE) which is a low energy surface with well-studied 
surface characteristics. The use of this material has permitted 
contact angle and other wettability studies with less ambiguity 
than with crude oils on the high energy surfaces of reservoir 
rocks. With PTFE it was possible to use pure fluid pairs with 
reproducible contact angles and known wettabilities inside the 
porous medium. Using these systems, Morrow and McCaffery (19) 
studied immiscible displacements over a wide range of wetting con- 
ditions and found displacement behavior to be systematically 
related to the contact angle. They found the greatest differences 
between drainage and imbibition relative permeability curves in the 
intermediate wetting conditions. They found that the relative 
permeability to the wetting phase increased markedly as the ad- 
vancing contact angle increased toward and through 90°. Thus, the 
implication is that water breakthrough occurs earlier in going from 
water-wet to oil-wet systems. 


In the course of measuring imbibition capillary pressures, 
Morrow (20) also determined residual non-wetting phase saturations 
as a function of the intrinsic contact angle. For systems which 
spontanecusly imbibe, he found that the residual oil values in-" 
creased as the intrinsic contact angle was increased from 0° to 
62°, the limit at which spontaneous imbibition occurs. Therefore, 
for systems which imbibe, the best recovery should be obtained 
from strongly water-wet systems. 


The work of Morrow (20) or Morrow and McCaffery (19) helps to 
explain some of the observations of others on real reservoir fluid 
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and rock systems, although their conclusions may appear to differ 
from those of earlier workers. Moore and Slobod (15) noted that 
oil recovery at water breakthrough in water-wet systems is much 
higher than in oil-wet systems. Moore and Slobod (15) also pre- 
sented convincing laboratory evidence to show that the capillary 
forces in strongly water-wet systems were responsible for trapping 
oil in the larger pore spaces. Almost none of this "residual" oil 
could be produced after water breakthrough at any reasonable flood- 
ing rates. This "permanently trapped" residual oil varied from 37 
to 45% in four different water-wet reservoir sandstones. With oil- 
wet systems, the oil recovery at water breakthrough was always less, 
the breakthrough residuals ranging from 40 to 54%. Moore and Slobod | 
(15) observed their best oil recoveries at intermediate wettabili- 
ties (by their definition, advancing contact angles between 30 and 
90° in the water phase) where residual oil values ranging from 24 
to only 29% were observed in the same sandstones. They were con- 
vinced that the best recoveries should be obtained with contact 
angles of exactly 90°, since they assumed that capillary forces at 
the oil-water interface must vanish when the cos 9 approaches zero. 
However, they seemed to be unaware of the increased effort required 
to mobilize the trapped oil because of the large hysteresis between 
advancing and receding contact angles in these intermediate regions. 
The detailed work of Morrow (21) and Melrose and Brandner (11) is 
in agreement that the mobilization of trapped oil should be the 
most difficult in this intermediate wettability region. However, 
Morrow also points out that the prevention of entrapment should be 
the easiest here, i.e., at an advancing contact angle of a little 
less than 90° (81° in Morrow's system) when imbibition forces do 
fall to zero (21). The sparse information on intermediate wetting 
in real oil-rock systems seems to show that lower residual oil 
values are indeed found in this intermediate region if sufficient 
pore volumes are injected (15). 


Methods for Improving Recovery by Changing Wettability 


The early researchers in oil recovery seemed to believe that 
the main function of waterflooding additives was to remove oil 
from the solid surface. In 1917, Squires (4) obtained his United 
States patent which involved the addition of alkaline materials to 
floodwaters and from 1925 through 1928, Nutting (5,22-24) described 
his "soda process" for petroleum recovery. He showed that dissolved 
salts such as sodium carbonate and silicates were more effective 
than water for removing oil from rock surfaces. In 1956, Reisberg 
and Doscher (25) carried out experiments with sodium hydroxide and 
with strong detergents plus sodium hydroxide to show conclusively 
that the adhering crude oils could be removed very effectively 
from glass or silica by these high pH solutions. Although there 
continued to be some uncertainty about the quantitative aspect of 
the wettability of most of the world's oil reservoirs, laboratory 
work, especially that of Wagner and Leach (26) in 1959, showed that 
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drastic changes in the pH of the water would change the wettability 
of rocks from predominantly oil-wet to predominantly water-wet, and 
that increased oil recovery could be obtained thereby. Wagner and 
Leach first emphasized the use of acids to reverse this wettability, 
but they found that the reservoir rocks consumed so much acid that 
it appeared to be impractical. In 1962, Leach et al. (27) demon- 
strated that sodium hydroxide is effective for changing rock sur- 
faces from oil-wet to water-wet. They reported on an early field 
trial using this material and demonstrated improved recovery, al- 
though the economics at that time were uncertain because of the 

low cost of crude oil. Emery et al. (28) also reported on a field 
trial which used a strong solution of sodium hydroxide (2%), but 
they obtained an oil recovery of only 2.34% of the pore volume and 
also felt that the economics were uncertain. 


By tradition, most of the efforts to change wettability with 
either strong acids or alkali have been directed toward making 
substances more water-wet. However, Cooke, Williams and Kolodzie 
(29) described a field trial wherein a water-wet reservoir was 
actually changed to a system which was more oil-wet with a small 
increase in recovery resulting from the injection of an alkaline 
material. In order to effect this unusual wettability reversal 
from water-wet to oil-wet, it was necessary to achieve the right 
conditions of temperature, pH and, especially, salt concentration. 
In this particular field trial (water-wet to oil-wet), an increased 
oil cut from 9 to 17% was obtained but no economic evaluation was 
made. 


Perhaps the most successful field trial utilizing inexpensive 
sodium hydroxide is that reported by Graue and Johnson in 1974 (30). 
Although it is not considered to be a wettability reversal project, 
it is included here because of the use of sodium hydroxide. Graue 
and Johnson (30) reported an increased oil recovery of approximately 
400,000 barrels of crude oil in the Whittier Field in California by 
what they describe as an emulsification and entrapment mechanism. 

[A good review of this process, along with a classification of 
various alkali flooding mechanisms, is given by Johnson (31).] This 
emulsification and entrapment process is designed for very viscous 
oils which respond poorly to waterflooding because of the poor 

sweep efficiency. By converting much of the oil to a fine emulsion 
within the porous medium, the flow of water is partially blocked in 
some areas and the overall sweep efficiency of the water in the 
reservoir is improved. Therefore, the improved recovery comes from 
a more complete waterflood of the reservoir rather than from a 
better displacement of oil from the capillaries by sodium hydroxide. 


Throughout the long history of laboratory and field experi- 
ments dealing with wettability of rock-oil-water surfaces, it has 
been difficult to obtain a clear consensus about the true wetting 
characteristics of the crude oil-water systems in contact with 
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reservoir rock. One of the more definitive studies on this subject 
was the work by Treiber et al. (32) in 1972 which reported on the 
laboratory evaluation of the wettability of 55 different oil 
producing reservoirs from different parts of the world. They di- 
vided these reservoirs, which included sandstones and carbonates, 
into three arbitrary divisions; namely, water-wet from zero to 75°, 
oil-wet from 105 to 180°, and intermediate-wet from 75 to 105°, 

all contact angles being measured through the aqueous phase. 

From their careful laboratory studies, they concluded that 66% of 
the reservoirs were oil-wet, 27% were water-wet, and only 74 were 
in the intermediate range where neither oil nor water wetted the 
surface very strongly. From this study, it would appear that the 
search for agents to change the wettability from oil-wet to water- 
wet might be a fruitful avenue for research to improve oil recovery. 
Morrow (20) has pointed out that it would be better to classify 
intermediate wettability as systems which do not spontaneously 
imbibe either phase. This increases the range from 62° (advancing) 
to 133° (receding) according to his work on well-characterized 
surfaces. Based on the contact angle measurements of Treiber et al. 
(32), this would put 47% of the reservoirs into the intermediate 
category with 26% classified as water-wet and only 27% as oil-wet. 


One of the significant aspects of wettability information 
related to oil recovery is the fact that nature may be providing 
the best possible wettability conditions for optimum recovery in 
some of the reservoirs. For example, Richardson et al. (33) 
studied a large number of "fresh" and aged cores taken from the 
Woodbine Reservoir of the East Texas field. If they cleaned these 
Woodbine cores and resaturated them with oil to carry out a normal 
waterflood for residual oil determination, they observed the usual 
laboratory residual oil values of about 30% of pore volume. How- 
ever, if they conducted their waterfloods on fresh cores, they 
observed much lower residuals of only 15-18% of pore volume. In 
some parts of the reservoir, the residual oil values were reduced 
to less than 10% of the pore volume. These residual oil values 
are lower than those obtainable by most recovery methods even with 
good laboratory formulations unless very high combinations of 
flooding rate and low interfacial tensions are used (see the next 
section). 


In an attempt to understand how nature is able to achieve such 
low residual oil saturations without help of engineers or laboratory 
specialists, Salathiel in 1973 (34) described a method for changing 
the wettability of rock surfaces in an unusual way. By treating 
cores which were saturated with typical values of oil and water, 
he was able to generate a mixed-wettability condition in the 
laboratory wherein surfaces in the larger pores were primarily oil- 
wet and rock surfaces in the smaller pores remained water-wet. 

With this special mixed wettability condition, it appears that the 
oil relative permeability can remain finite to very low saturations, 
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with the oil apparently draining or flowing in very small rivulets 
until extremely low values of residual oil saturation can be ob- 
tained. With this laboratory-generated system, he feels he has 
reproduced the situation which nature may have providently provided 
in the East Texas field. 


This is not to be taken as a concluding note that all should 
be left to nature and that those of us engaged in enhanced oil re- 
covery should cease to search for methods where we can alter wet- 
tability to improve oil recovery, but it does suggest that our 
knowledge is far from complete and that our task remains a difficult 
one. The author of this paper is reminded of his first meeting 
many years ago with his new research director, an experienced oil 
recovery expert in one of the world's major oil corporations. He 
was a powerful man, and he shook the room with the demand that "we 
need to be struck by lightning with wettability." It is the opin- 
ion of this author that the lightning bolt has yet to strike. 


OIL-WATER INTERFACTAL TENSION AND SURFACTANTS 
FOR OIL RECOVERY 


Early Work with Surface Active Agents 


In the early days of chemical flooding, surface active agents 
were thought of primarily as detergents and the term '"wetting-agent" 
was often used by the companies or salesmen attempting to promote 
the use of these materials in waterflooding. In much of the early 
work, these materials were assumed to be effective primarily for 
releasing oil from the solid surface of the rock (25). The labo- 
ratory experimenters were alert to the need for interfacial tension 
reduction and some correlations were attempted in this area, but 
the laboratory results were not consistent. Some of the early 
workers even reasoned that since water displaces oil largely by 
capillary action, better displacement would occur if the inter- 
facial tension could be increased to increase the capillary driving 
force. Some of the early experimenters also reported that very 
little improvement in oil recovery could be expected with many of 
the surface active materials (35). One detailed study indicated 
that oil recovery actually decreased slightly when the oil-water 
interfacial tension was decreased in the experiments (36). 


Although there was no consensus on the effectiveness of deter- 
gents for oil displacement, it was clear in the early work that a 
very serious problem was the adsorption of the materials on the 
large surface area of the rock. Not only was a large amount of the 
detergent lost to the rock, but this adsorption prevented the ad- 
vance of detergent through the formation along with the bank of 
water in the waterflood. In 1968, Taber (37) pointed out that very 
high concentrations of detergent (about 10%) would permit an advance 
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of the detergent front at a rate which was only a little less than 
that of the advancing flood water. These high concentrations also 
appeared to recover oil more effectively than the low concentra- 
tions, but the actual recovery varied with conditions of the 
laboratory test. It appeared to Taber that the most sensitive 
variable in detergent flooding, at least in laboratory experiments, 
was the rate of flooding. As long as effective detergents with or 
without sodium hydroxide were used, additional oil could be pro- 
duced whenever the rate of flooding was increased. Therefore, in 
his early work citing possibilities of the use of detergents in 
waterfloods, he restricted recovery predictions to situations 
where the laboratory flooding rates were close to field rates with 
the result that predicted oil recovery by surfactants was rather 
OW Gio 


Taber also observed that the widely different responses for 
oil recovery with various detergents and at various rates could 
be understood if the experiments were carried out at equivalent 
values of the ratio of viscous to interfacial forces. For the 
displacement of presumed, non-wetting residual oil, he observed 
that no oil could be displaced ‘until a critical value of AP/Lo had 
been reached, where AP is the pressure drop over the distance L 
and 0 is the oil-water interfacial tension (38). This value in 


English engineering units for Berea sandstone was about 2-5 (psi/ft)/ 


(dyne/cm), or approximately 45-113 kPa/mN (kiloPascal/milliNewton) 
in SI units. Taber observed this ratio with several fluids and 
under a number of different conditions, varying interfacial ten- 
sion, length and pressure gradient independently. In every case, 
after the critical gradient had been exceeded, additional oil 

could be recovered as long as the value of AP/LO was raised even 
further. Although it was difficult to accomplish, essentially all 
of the oil could be displaced from the Berea sandstone if the value 
of AP/Lo was made large enough. However, the rates and the result- 
ing pressure gradients were more than 1,000 times those experienced 
in the field. 


The Capillary Number Concept 


A number of authors have studied the ratio of viscous to 
capillary forces and the effect of the ratio or dimensionless 
group on oil recovery. Table 2 lists several of these groups 
which have been described by various authors (11,15,21,38-51). 
Many are dimensionless and are often referred to collectively as 
either the "capillary number" or the "critical displacement ratio" 
by workers dealing with surface phenomena and oil recovery. Al- 
though the experimental data are still rather limited as far as 
capillary number results are concerned for different types of 
rocks, the consensus by the various workers is good. Different 
authors have examined the pore dimensions and geometry in both 
synthetic and real systems to calculate the critical value of the 


25 


ENHANCED OIL RECOVERY: PAST, PRESENT AND FUTURE 


WNUTUNTY 
pue ‘Tessas “UoTJeL €L6L Asaignp ertAqgezoy_ CY 


aces 


euojspues (e210q) 


qeqsog 


euojJsSpues (e210q) 


TS) GRE SLA sl 8S6L JoTke] pue uewyyes cay 


alle Me 


auojspues 


gsoo 
nA 


dV 
O 
OT 9802 3 
dV yh 
dl 
Oo 


poqoTs pue a100W ST 


unouTe) 
pue uojseizg ‘epelo 


guo jspues 


auojspues LV6L zjey pue TTeumorg 


0) 


dnoazy eTpoW sno1r0g peusttqndg (s)a0y ny ee 
SUTIeTIAIOD) TeoR 


sdnoi8 SuUTJeTeAA0D ,,OTJeA QUOWedeTdSTp,, IO Aequnu AaeT[TdeQ *7% eTqeL 


sqqnjg pue zayjorqitey 


es 
va 
= 
me 


J. J. TABER 


26 


Oo 
é 210g TEpow 6L6T Az931eTS pue yO 
dy 2 


3¢ LL6L JeTowsese is 


MI OT 
OT Qsoo 
——_—__ snotie Ajeo ue poosy 


snotie,A FO stskTeuy 


kh 4 SN 


o1(@/T - °a/T) 
oe ee auojzspues 9/61 ueTTTIng pue pTeuoqoeN 


auOISOUTT ‘auojspues sueiqy 


SL6L 


o1¢ Fpuocurey 
= SUOTSPEeS PLOL pue eqrsey “YyoTTayg 
ob ie speog 
eT ve SSeT) peleprpTosuoouy AJoupueig pue ssorpToW 
dV oO 
dnoay eTpeyW snozog peustTqng (s)z0yqny 
BUTIeETeIIOD reazR 


(penutjuo)) Z eTqeL 


185 


LG 


OS 


LY 


OF 


QoUsTVFOY 


ENHANCED OIL RECOVERY: PAST, PRESENT AND FUTURE 27. 


capillary number at which either residual oil will be displaced or 
at which better oil displacement will occur during waterflooding. 
For example, Melrose and Brandner (11) have calculated these values 
and estimated the results for three different types of porous 
media, generalizing them as those with large, intermediate, and 
small differences in the capillary constrictions. The displacement 
efficiencies predicted forveach of these media are given by Figure 
1. MacDonald and Dullien (48), Oh and Slattery (51), and Stegemeier 
(50) have made calculations and have compared them with experi- 
mental data of their own or from the literature. In general, the 
calculations agree with experimental data. For example, Figure 2 
shows that Stegemeier's calculated results for the remaining oil 
saturations at various capillary number values agree rather well 
with the data presented by Taber (38) as long as the advancing 
contact angle of the displacing phase is taken as 60°. 


The results of several other studies to illustrate the de- 
saturation of either the residual non-wetting (usually oil) phase 
or the wetting phase at various capillary numbers were compared by 
Stegemeier and are reproduced here as Figure 3. In general, the 
results show that the initial desaturation of the non-wetting 
phase occurs over several orders of magnitudes of the capillary 
number and at lower viscous to capillary ratios than reported by 
Melrose and Brandner (Figure 1). However, the results of the dis- 
placements of discontinuous non-wetting fluid [oil, for Taber (38) 
and Foster (44), gas for Wagner and Leach (52)], from similar 
sandstones are fairly close with significant removal of the fluid 
starting at capillary numbers from 10 ° to 10 ~. The work of 
Wagner and Leach is noteworthy because they achieved very low 
interfacial tensions with no additives in their gas-liquid systems 
near the critical point. In addition, they carried out their 
studies at slow rates which were close to flooding rates in the 
field, and their work is often cited as direct evidence for the 
need for low interfacial tensions for effective displacement at 
field rates. For the desaturation of continuous or at least par- 
tially connected oil, the work of Abrams (47), Lefebvre duPrey 
(45), as well as Moore and Slobod (15), shows that desaturation 
of the continuous oil starts at a much lower ratio of the viscous 
to capillary forces, i.e., a capillary number of about LOn a0 Hows 
ever, after the initial oil displacement in their experiments, the 
oil must become discontinuous at the lower saturations and Figure 
3 shows that their values are then closer to those of Foster or 
Taber. 


The work of Dombrowski and Brownell (53) shows that it is 
much harder to displace the residual wetting phase from a porous 
medium (in this case, small glass beads). Figure 3 indicates that 
the capillary number required for their displacement of the wet- 
ting phase is two orders of magnitude higher than that required 
for the displacement of most non-wetting phases. Jenks et al. (54) 


28 


ate g dhe 


Wass ¢, 


MICROSCOPIC DISPLACEMENT 
EFFICIENCY , E,, 


PORE SIZE DISTRIBUTION 


10 ae Woe / 


CAPILLARY NUMBER, Ne, 


J. J. TABER 


Correlation of microscopic displacement with capillary 


number. 


(After Melrose & Brandner, Ref. 11.) 


— CALCULATED VALUES 
STEGEMEIER (50 ) 


© EXPERIMENTAL VALUES 
TABER (38) (OIL - BRINE 
WITH 0.1 % SURFACTANT) 


Calculated and experimental residual oil. 
Stegemeier, Ref. 50.) 


(After 


ENHANCED OIL RECOVERY: PAST, PRESENT AND FUTURE 29 


WAGNER & LEACH 


— NON WETTING RESIDUAL 
--- WETTING RESIDUAL 


Fig. 3. Average experimental recoveries of residual phases. 
(After Stegemeier, Ref. 50.) 


also presented a clear picture of the increased ratio of viscous 
to capillary forces which are required for the displacement of the 
wetting (water) phase compared to the oil phase in Berea sandstone. 
At a pressure gradient of 2,000 psi/ft, they observed that only 4% 
of the residual water was displaced by oil, but about 40% of the 
residual oil was produced by a waterflood on a similar Berea core 
at the same conditions. 


Other than the information summarized and compared in Figure 
3, the experimental data on displacement of residual oil at super- 
critical values of the capillary number are not extensive. Taber, 
Kirby and Schroeder (55) carried out experiments to determine the 
critical values of AP/Lo for several sandstones which had perme- 
abilities ranging from 40.8 to 2,190 millidarcies. Prior to the 
critical displacement test, all rock samples were waterflooded at 
slow (subcritical) rates until each sample contained its normal 
residual oil value. The flooding rate was then increased until 
measurable quantities of residual oil were produced, i.e., until 
the critical value of AP/Lo was attained. 


The results which are given in Figure 4 indicate a definite 
trend towards higher AP/LO critical values at lower permeabilities. 
Since the experiments were done on different rocks from several 
formations (55), a precise correlation between permeability and 
the critical displacement ratio should not be expected. However, 
where data are available in the literature, the values do appear 
to fit the general trend in Figure 4. For example, Jenks et al. 
(54,56) observed that a critical AP/Lo value of 8.9 (psi/ft)/(dyne/ 
em) (201 kPa/mN) was required for the displacement of residual oil 
from their Berea sandstone. Although this is higher than the 
critical values observed for Berea by Taber et al., the value 
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obtained by Jenks et al. fits the trend because their Berea had a 
permeability of only 150 to 180 md compared to Berea permeabilities 
of 300 to 900 md for the other Berea data points in Figure 4. 
(Sandstones other than Berea are also plotted on Figure 4.) 


As pointed out above, most authors have preferred to use a 
dimensionless form of the capillary number. However, it is often 
more convenient in laboratory and field calculations to use the 
simple critical displacement ratio AP/LO which has the units of 
L “. For example, by using methods outlined by Stosur and Taber 
(57), it is possible. to calculate.the critical displacement srabio 
at points close to the wellbore or deeper in the reservoir. Their 
work indicates that this may be important when certain logging 
methods are used to estimate the in situ residual oil saturation 
remaining after a waterflood. From Figure 4, it appears that the 
critical displacement ratio is a property of the rock, and it is 
hoped that more values will be determined for future work in en- 
hanced oil recovery. 


Some laboratory experiments may be easier to interpret in 
terms of quantitative AP/Lo values instead of a dimensionless cap- 
illary number. For example, when experiments with surfactants are 
carried out at constant rates (and thus a constant vU/o) on rocks 
of different permeabilities, it appears that the oil recovery 
actually increases for those rocks with lower permeabilities. 
Clearly, the better recovery is not a "reverse permeability 
effect" but it comes about because the AP/Lo is much higher in 
tighter rocks when all experiments are carried out at a constant 
rate. In general, almost all of the experimental and theoretical 
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work indicates that the displacement of oil increases with higher 
values of the ratio of viscous to interfacial forces. An exception 
is the recent work by Sayyouh et al. (58) which indicates that at 
very slow rates (less than 1 ft/day), the recovery appears to in- 
crease slightly with a further decrease in rate. Therefore, the 
complex nature of the oil displacement process still warrants the 
continuing research emphasis which it is receiving. In addition 

to the work cited above, current progress is being made by the 
investigation of gravity forces along with the viscous forces for 
the mobilization of trapped oil. Morrow (21) reports that gravity 
alone may dislodge oil when interfacial tensions are low enough to 
bring the system into the critical capillary number region at reser- 
voir rates. In addition, the current work by Larson and Scriven 
(59), who are applying certain facets of percolation theory to the 
mechanics of oil displacement, is bringing new insight into the 
whole process. 


Micellar-Polymer Fluids 


The evidence that low oil-water interfacial tensions will en- 
hance oil recovery has led to an enormous effort by many experts 
to prepare surfactant formulations which will be effective in 
underground reservoirs. In contrast to the early work with low 
concentrations, between 1957 and 1968 several workers proposed the 
use of somewhat higher concentrations in special formulations to 
overcome adsorption problems and to provide the optimum inter- 
facial tension conditions (37,60-64). These high surfactant con- 
centrations could be dissolved in either oil or water and normally 
contain other additives to improve the stability or overall effec- 
tiveness. In 1968 Gogarty and Tosch (65), and Davis and Jones (66) 
published their first papers dealing with "Oil Recovery and Dis- 
placement Mechanisms with Micellar Solutions." They described 
their surfactant fluids as microemulsions which are effective with 
either oil or water as the external phase. In addition to the 
three main components (surfactant, hydrocarbon and water), a 
"cosurfactant" (usually an alcohol) and an inorganic salt are 
normally added to provide the optimum formulation for oil displace- 
ment. Similar oil external fluids called "soluble oils" which were 
developed by Holm et al. (60,67,68) also have proved to be effective 
oil recovery formulations.. These micellar fluids, or microemulsions 
as defined by Schulman et al. (69), are not only excellent recovery 
agents, but they appear to reduce the adsorption loss to the reser- 
voir under certain conditions. However, the adsorption problem is 
far from solved, though good work by a number of investigators is 
continuing (70-74). A review of the surfactant adsorption litera- 
ture is beyond the scope of this paper. 


Good recovery with microemulsions also requires good mobility 
control, i.e., to prevent viscous fingering of the drive water into 
the surfactant bank or of the surfactant into the reservoir oil- 
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water bank, the viscosities of the injected fluids must be in- 
creased in most cases (75,76). The microemulsion viscosity can be 
controlled by adjusting the components in the formulation, and the 
drive water or "mobility buffer" is normally thickened by adding 

a natural or synthetic, water-soluble polymer (77). However, the 
polymer mobility control agents present additional problems for 
the surface chemists. Several authors have shown that the large 
polymer molecules will not penetrate the smallest pores of typical 
rocks and, thus, move faster in the larger pores than the average 
advance of the waterfront (78-81). Because of this "inaccessible 
pore volume," the polymer solution invades the microemulsion fluid 
to bring about a phase separation of the surfactant-rich phase, 
according to Trushenski (82). If the interfacial tension is high 
enough, the surfactant-rich phase can be trapped in the pores much 
like residual oil. Trushenski describes various methods for 
reducing this adverse surfactant-polymer interaction including the 
use of more surfactant solubilizers, i.e., cosolvents such as al- 
cohols (82). 


The never-ending quest for ultra low oil-water interfacial 
tensions in these oil recovery systems was given a big boost by 
the pioneering development of the spinning drop apparatus by Cayias, 
Schechter and Wade (83) at the University of Texas for interfacial 
tension measurement [first suggested by Vonnegut (84)]. When 
measuring the interfacial tension of pure hydrocarbons against an 
aqueous surfactant solution, Cayias et al. (85) showed that the 
minimum interfacial tension was found against only one of the 
hydrocarbons in a homologous series. This minimum interfacial 
tension was very specific, not only for normal alkanes but for 
branched, cyclic and aromatic hydrocarbons as well. From these 
correlations, and by using a series of surfactants, Cash et al. 
(86,87) were able to assign an "equivalent alkane carbon number" 
(EACN) to any hydrocarbon or mixture of hydrocarbons including 
crude oils. Their work indicates that most crude oils appear to 
have an EACN ranging from 6.2 to 8.6, i.e., from the point of view 
of interfacial tension, crude oils behave as if they were comprised 
primarily of hydrocarbons in the range of hexane to nonane. This 
information has permitted many surfactant investigators to work 
with pure hydrocarbons such as octane (or specific hydrocarbon 
mixtures) with more confidence that their laboratory hydrocarbon 
is not an unrealistic model for crude oils. To determine the 
surfactant molecular weight or other property most effective for 
interfacial tension lowering, the University of Texas group also 
developed the concept of Nin? i.e., the specific EACN which 
produces the lowest interfacial tension for a given surfactant 
or mixture of surfactants (88,89). This Nnin Concept proved to 
be useful for studying the variables, such as temperature, age of 
system, and the concentrations of added electrolyte or cosurfactant. 
For example, they noted that the ne increases with electrolyte 
concentration; also, nen decreases with increasing temperature 
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for anionic surfactants and increases for nonionic surfactants. 
Temperature effects have also been reported by Burkowsky and Marx 
(90) who observed consistent minima in interfacial tension at the 
relatively high temperatures of 60 and 76°C for surfactant-crude 
oil systems for two German oil fields. The best oil recoveries 
were also obtained when displacement experiments were conducted at 
the temperatures of lowest interfacial tensions. 


The urgent need for the preparation of the very best formula- 
tions and, therefore, for understanding microemulsions has led to 
an upsurge of basic and applied work in the area of micellar 
fluids. Since this subject will be reviewed thoroughly by others, 
only applied aspects related to oil recovery can be touched on 
here. Although the oil-water-surfactant systems are very complex, 
especially after cosolvents and electrolytes have been added, a 
number of workers have been able to describe the systems and adjust 
the required properties to provide the best oil recovery. The work 
of Reed, Healy (49,91-94) and their co-workers is noteworthy for 
providing a clearer picture of the physical nature of the systen, 
especially the gross phase behavior under the influence of many 
variables. Their studies on the addition of electrolytes to the 
surfactant systems has brought a sense of order into what had been 
a rather confusing picture. Ever since Harkins (95) showed that 
extremely low interfacial tensions can be obtained by, in effect, 
salting out the surfactant so that it goes to the oil-water in- 
terface, others (38,96-98) have utilized this added salt concen- 
tration to lower the oil-water interfacial tension. Reed, Healy 
and their co-workers developed a system of "optimal salinity" for 
maximizing the desired property by the judicious addition of the 
electrolyte. In general, optimal salinity is usually thought of 
as that specific salt concentration in an oil-water-surfactant 
system which produces the lowest interfacial tension, and Reed et 
al. showed that this optimal salinity affects several of the 
interrelated properties of the microemulsion system. It can be 
measured in at least four different ways, namely, the salt con- 
centration at which the lowest interfacial tension is observed, 
the salt concentration which provides the most favorable phase 
behavior for oil recovery, the salt concentration which provides 
equal solubility parameters (as defined by Healy and Reed), and 
the salt concentration at which contact angles between each liquid 
phase and the solid reach similar equilibrium values. The optimal 
salinity measured by any one of the four methods on a particular 
system agrees reasonably well with that obtained with the other 
methods. Perhaps, of even more importance, the work of Reed, Healy 
et al. (49,91-94) demonstrated that oil recovery was maximized near 
the optimal salinity value (as measured by any of the methods), and 
that oil recoyery correlated well with the capillary number. 
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The concept of optimal salinity has aided many other workers 
as they have pursued a better understanding of these microemulsions 
through various types of fundamental studies. Miller et al. (99) 
presented a model for the phase separation which occurs as the 
salinity is increased until the middle or surfactant phase is ob- 
served. Miller's model indicates that the repulsive forces shift 
sufficiently with the addition of salt until the aggregates come 
close enough together to force an.actual phase separation at the 
optimal salinity. His studies indicate that this middle or surf- 
actant phase is water continuous (99). With careful studies using 
the polarizing microscope, Benton, Fort and Miller (100) showed 
that there are two distinct structures, i.e., one, at low salini- 
ties, and one at the high salinity values. In the intermediate 
region near optimal salinity, both structures were observed. Hwan 
et al. (101) observed the effect of salinity on the actual drop 
sizes in the microemulsions. By studies with an ultracentrifuge 
they found that drop sizes increased in a regular way with salinity, 
reaching a maximum in the region of the so-called optimal salinity 
and then decreasing at the higher salinity values. Their studies 
also confirmed the existence of oil in water microemulsions at low 
salinities and water in oil microemulsions at high salinities. 
Between these two regions the ultracentrifuge work indicates that 
the drops are characteristic of both oil-continuous behavior and 
water-continuous behavior, thus adding additional evidence to the 
dual nature of these micellar fluids in the intermediate salinity 
ranges. As early as 1976, Scriven (102) had also presented an 
interesting model for an equilibrium bi-continuous structure of 
the microemulsion systems, i.e., his analysis showed that both oil 
and water may be continuous in these intermediate salinity regions 
of greatest interest. 


Chan and Shah (103) also studied relationships between micro- 
emulsions and optimal salinity by observing the effects of addi- 
tives and temperature changes which can bring about the phase 
transition from lower to middle to upper phase in these systems. 

In general, their work indicates that the surfactant partition 
coefficient between the oil phase and the excess brine phase is 
unity at the optimal parameter value. Their work indicates that 
there is a strong similarity between the interfacial tension behav- 
ior of low concentration systems and those of high concentration. 
systems. Bansal and Shah (104) also showed that the salt tolerance 
of surfactant systems can be extended to rather high salt concen- 
trations by mixing ethoxylated sulfonates with the usual petroleum 
sulfonate materials. An optimal salinity as high as 32% sodium 
chloride was observed in one of the mixed systems which was also 
characterized by very low oil-water interfacial tensions. 


This section started with a discussion of the need for low 
interfacial tensions between oil and water for good oil recovery. 
It is clear that this sense of urgency in finding low interfacial 
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tensions has contributed to a much clearer understanding of complex 
systems containing surface-active materials plus oil, water and 
other additives. It is also clear that systems which achieve low 
interfacial tensions may exhibit very complicated phase behavior 
characteristics, and that the combination of interfacial tension 
and the phase behavior of the fluids should be important for maxi- 
mum oil recovery. The comnection between phase behavior and oil 
recovery will be discussed more fully in the next section. 


MISCIBLE FLOODING AND EFFECT OF PHASE 
BEHAVIOR ON OIL RECOVERY 


Introduction to Miscible Processes 


The allure of miscible displacement for complete oil recovery 
is obvious; it is the only method which permits 100% recovery, even 
in theory. As long as two phases exist in small capillaries, some 
trapping of the oil phase will normally occur even under the best 
conditions. However, if the two fluids are truly miscible, and no 
other fluid phase is present (seldom true in oil reservoirs), there 
can be no capillary forces to trap off segments of oil. If the 
"miscible slug" is large enough, all of the oil can be displaced 
to achieve a theoretical recovery of 100%. However, to date no 
practical method has been devised which can provide complete mis-— 
cibility in real reservoirs (where both oil and water are present) 
so 100% recovery remains a distant goal. 


The common miscible processes can be generalized very loosely 
by the three-component phase diagram in Figure 5. The fluid which 
is miscible with both oil and water (or oil and gas) at the pre- 
scribed conditions is shown at the apex of the ternary diagram. 

As long as the percentage of this "miscibilizing fluid" (or amphi- 
pathic solvent) is high enough, the three-component mixture will 

be single phase and no interfaces should exist between the dis- 
placed and displacing fluid. Below this concentration, two phases 
exist and capillarity will return to interfere with the efficient 
displacement of the oil. It will be shown that the normal presence 
of both oil and water flowing in advance of a miscible driving 
fluid apparently prevents the attainment of true miscibility in 
large segments of the rock because of the capillary trapping of 
slik 


Figure 5 illustrates the conventional diagram normally used 
for oil-water-alcohol (or surfactant) processes. For CO», or 
hydrocarbon-miscible processes, authors conventionally rotate the 
ternary diagram 120° clockwise, but the illustrated principle is 
the same. The binodal curve is normally higher for alcohol and 
lower for surfactants than the curve shown in Figure 5. Although 
ne real reservoir process can be completely miscible in the exact 
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ALCOHOL 
(or SURFACTANT ) 
(or Co-Cg HYDROCARBON) 


WATER OIL 
(or GAS) 
(or COz ) 


Fig. 5. General phase behavior to illustrate miscible type pro- 
cesses for enhanced oil recovery. 


sense, the following are often referred to as miscible: (the names 
refer to the displacing phase) 


- Hydrocarbon miscible processes 

= CO» processes 

- Miscible slug or alcohol processes 

- Micellar processes (certain segments of some processes) 


These will be discussed briefly with some comments on the surface 
chemistry involved. This is an apparent contradiction since in 
true miscible systems there are no interfaces. 


Hydrocarbon Miscible Processes 


The original efforts to conduct miscible displacements made 
use of gaseous or liquid hydrocarbons in the low molecular range. 
At one time, methane and liquefied petroleum gas (LPG) were readily 
available and inexpensive compared to crude oil. In the 50's, 
several published papers presented research results which indicated 
that these low molecular weight hydrocarbons could be miscible with 
the crude oil and a driving gas under the proper conditions in the 
reservoir (105-109). The techniques may be classified broadly as 
High Pressure Gas Drive (105-107), Enriched Gas Drive (110,111) 
and Miscible (Hydrocarbon) Slug Flooding (108,109). The miscible 
hydrocarbon slug process is the easiest to visualize: a quantity 
of propane or LPG is injected into the reservoir and followed by 
dry gas. At most common reservoir temperatures and pressures, the 
propane will be miscible with both the reservoir oil and the driving 
gas. The enriched process develops miscibility by adding some 
C,-C¢ hydrocarbons to the injected dry gas (methane) to bring the 
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three-component system closer to the single phase region in Figure 
5. The high pressure gas drive achieves miscibility by vaporizing 
enough of the Cy-C¢ (or higher intermediates) to bring the two 
phase system up into the single phase region. This "vaporizing 
gas drive" mechanism is explained by Hutchinson and Braun (112). 


All of these hydrocarbon-miscible processes can recover oil, 
but there are many difficulties. Mobility control is a very 
serious problem, although techniques such as alternate water and 
gas injection (WAG) can be used to reduce the mobility of the 
lighter, driving fluids (113). In the United States, the inter- 
mediate hydrocarbons as well as methane are in short supply and 
are valuable as fuel or chemical feedstocks. Therefore, much at- 
tention in the United States is now focused on materials such as 
CO, or other inert gases which have no fuel value but which can 
provide some miscible displacement under certain conditions. In 
parts of the world where light hydrocarbons and methane are avail- 
able, the hydrocarbon-miscible process and various modes of gas 
injection should increase oil recovery for many years. 


Carbon Dioxide Processes 


Carbon dioxide (CO) processes are usually listed with mis- 
cible processes even though much of the research which is now 
underway is directed toward finding an answer to the question: 
What are the conditions required for miscibility (if it can be 
attained), and what is the nature of the phase behavior of the 
CO,-crude oil system? Normally, CO, is not completely miscible 
with crude oils, but it is very soluble in most oils at reservoir 
conditions. 


Early work with carbon dioxide for enhanced recovery was 
divided between carbonated waterflooding and "CO, slug" flooding, 
the latter often being called "CO, miscible flooding" or by now 
just CO, flooding. In 1963, Holm (114) showed that a CO, slug, 
injected at reservoir pressures was much more effective than 
carbonated waterflooding if equivalent quantities of CO» were used 
in the displacements. Therefore, the emphasis has swung from car- 
bonated water to the injection of very large quantities of CO, at 
reservoir pressures to attempt a miscible or "partially miscible" 
displacement. 


The CO, flooding process has been described by several authors 
(115-119). A good review of the process (including laboratory and 
field work) with estimates of the future recovery potential has 
been given by Stalkup (120). While not normally miscible at reser- 
voir conditions, the CO, has a high solubility in the oil, and it 
does perform an effective job of displacing oil, at least in labo- 
ratory experiments. Investigators have suggested several factors 
which aid in this improved recovery: 
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1. Swelling of oil: For tertiary recovery, this may be one 
of the most important effects because oil cannot flow until it is 
continuous and has finite relative permeability (118,119). 


2. Viscosity reduction: The viscosity of the "swollen oil" 
will be much less than that of the original crude oil at reservoir 
temperatures if large quantities of COy are dissolved in the ‘oil. 


3. Vaporization of crude oil: The lighter hydrocarbons are 
vaporized by the high pressure CO in a process analogous to a high 
pressure vaporizing gas drive. In this way, miscibility can be 
generated in the reservoir to provide an effective displacement of 
the crude oil. 


4. Blowdown recovery: At the end of high pressure laboratory 
experiments, additional oil is recovered when the pressure is low- 
ered, and a similar effect should be noted toward the end of a 
field displacement, but this production will, of course, only be 
realized in the final stages of the process. 


5. Interfacial effects: Although early published reports 
clained that CO, can form detergents or alter the wettability of 
the rock-oil system (121), there is no strong evidence that this 
was a major effect in the carbonated water case for which it was 
clained. However, interfacial effects may be very important when 
the system is close to miscibility which is a goal of the process 
desien for most fields 122)" 


In general, CO) flooding is a very complicated process. The 
phase behavior is difficult to pin down; at times, 3 phases appear 
in the CO5-hydrocarbon system, and the actual flow mechanisms in 
these complicated, near-miscible regions are not well understood. 
Laboratory studies have indicated that full miscibility is not 
necessarily required in displacements because good recovery can be 
obtained when several phases are flowing (116,117,122,123). 


It can be presumed that interfacial effects must be very im- 
portant in these near miscible regions, and at least one study has 
shown that oil recovery from CO5 injection decreased markedly in 
lower permeability sandpacks, presumably because the critical cap- 
illary number requirements for displacement are higher in low per- 
meability media (124). 


In conclusion, it appears that CO4 flooding requires the same 
types of conditions which are required for alcohol or micellar pro- 
cesses, i.e., a high oil saturation to provide good oil permeability 
and less trapping of the oil phase, along with near miscibility and 
low interfacial tensions between the displaced and displacing 
phases. The complete experimental evidence for these "requirements" 
Sys tal sleelacksines for CO, flooding. The good evidence for the con- 
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trolling factors in alcohol-miscible and micellar-polymer flooding 
will be examined in the next sections. 


Alcohol-Water-Oil Miscible Processes 


Alcohol flooding is discussed here in some detail because it 
provides a basis for understanding the relationship between phase 
behavior, interfacial tension, and oil recovery. It is recognized 
that no successful field trial of the alcohol process has ever been 
carried out. 


The use of alcohol as a miscible driving fluid for the dis- 
placement of oil has a number of advantages over other materials. 
Certain low molecular weight alcohols are miscible in all propor- 
tions with both the driving water and with some reservoir oils. 

If not miscible with oils of high molecular weights, miscible dis- 
placement of the oil can be still achieved by the injection of an 
intermediate hydrocarbon such as a gasoline fraction. By choosing 
the proper alcohol, and if necessary, an advance slug of hydrocar- 
bon, it is possible to be in the single phase region in Figure 5 

for essentially any combination of water, oil, and alcohol. Another 
big advantage of alcohol is that it can be driven through the reser- 
voir with water and the water can be thickened with a polymer. 
Therefore, it is possible to choose a system which has a much more 
favorable mobility ratio than the previous systems which used meth- 
ane, light hydrocarbon slugs, or carbon dioxide. 


Since the use of alcohol provides the possibility of a true 
miscible system, 100% oil recovery is theoretically possible and 
the early work in this area indicated that some of these theoreti- 
cal promises would be borne out (125-127). The early interest led 
to a field trial which failed because the required hydrocarbons of 
low to intermediate molecular weight were not injected in advance 
of the alcohol slug and the required phase behavior characteristics 
were not met (128,129). 


In 1960, Gatlin and Slobod (130), by utilizing concepts devel- 
oped by Wilson et al. (131), proposed their "piston-like" displace- 
ment theory which explained that the oil and water flowing simul- 
taneously in front of the miscible alcohol piston would adjust 
their saturations to form stabilized banks whose saturations could 
be calculated from the relative permeability and viscosity of the 
fluids. They carried out a number of experiments which initially 
appeared to agree quite well with this straightforward theory. 


Taber, Kamath and Reed (132) attempted to confirm the piston- 
like theory on relatively long, single pieces of consolidated sand- 
stone (Torpedo and Berea), and in addition, they attempted to 
determine if the slug deterioration did follow the miscible mixing 
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theories, i.e., did it deteriorate (lose miscibility) in proportion 
to the square root of the distance travelled by the slug. They 
found that the displacement was not at all piston-like, and it ap- 
peared that oil but not water was leaking into the alcohol piston. 
The reason for this inefficient and non-piston-like displacement is 
found in the ternary phase diagram for isopropyl alcohol, oil and 
water used in the initial system (Figure 6-A). Because of the 
slope of the tie lines, the oil phase diminishes as the alcohol 
concentration increases at the leading edge of the alcohol slug. 
Therefore, the oil saturation in the bank falls below the normal 
residual oil saturation and much of this oil becomes trapped in a 
fashion similar to regular waterflooding. As alcohol of higher 
concentration continues to flow past these trapped ganglia of oil, 
the oil is extracted so that 100% recovery is still possible even- 
tually, but the displacement is no longer piston-like because the 
average forward velocity of the oil mass is now much less than 
that of the water and alcohol. To overcome the poor recovery 
caused by shrinking of the oil phase in the alcohol transition 
zone, Taber et al. (132) chose an alcohol system such as the one 
using tertiary butyl alcohol illustrated in Figure 6-B which per- 
mits an expanding oil phase in the region of increasing alcohol 
concentration as the system approaches the region of miscibility. 
By convention, these two different phase diagrams are referred to 
as plait point-right and plait point-left, or, rather loosely, as 
a shrinking oil phase and an expanding oil phase during the dis- 
placement process. 


The recovery with this expanding oil phase was much better; 
the oil recovery per unit of alcohol injected increased by a 
factor of seven by moving the plait point of the ternary phase 
diagram from the right to the left side to permit an expanding oil 
phase. This improvement in displacement efficiency with an ex- 
panding oil phase (which keeps the oil phase continuous) was con- 
firmed quickly by several others (133-135), and, more recently, 
by researchers working with surfactants (see below). 


IPA TBA 
PLA/T 
POINT 
PLAIT 
POINT 
BRINE OM BRINE OIL 
A. SHRINKING OIL. PHASE 8. EXPANDING OIL PHASE 


Fig. 6. Typical phase behavior of alcohol (or surfactant)-oil- 
water systems. (After Taber, Kamath and Reed, Ref. 132.) 
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Gatlin and Slobod's (130) displacement appeared to be piston- 
like because they had a very low residual oil saturation to ordinary 
waterflooding, and they used high flooding rates. Contrary to the 
assumption by some experts that there should be no interfacial ten- 
sion or capillary number effects in alcohol displacements because 
the system is miscible, experiments show that rate effects are 
extremely important. Taber and Meyer (136) showed that the devia- 
tion from piston-like displacement is at a maximum at rates from 
about 1 to 12 ft/day. When the rate of displacement was increased 
beyond 12 ft/day, the recovery improved steadily with ever increas- 
ing rates until at the limit of their experiment at 70 ft/day, 
their displacements were almost piston-like. Gatlin and Slobod (130) 
carried out their experiments at even higher rates of 120 to 144 
ft/day in their unconsolidated sandpack inside a steel pipe. At 
these conditions, the value of AP/Lo at most alcohol concentrations, 
would be well above the critical value. Therefore, in Gatlin and 
Slobod's experiments, there was no oil trapping (or oil leaking 
into the alcohol piston) and the piston-like theory appeared to be 
confirmed by experiment. Additional situations wherein oil trapping 
occurs even with an expanding oil phase will be discussed along 
with the relationship between phase behavior and surfactants in the 
next section. 


Phase Behavior and Micellar-Polymer Fluids 


The importance of phase behavior on oil recovery was mentioned 
in the section on micellar polymer fluids. Healy, Reed and Stenmark 
(93) showed that most common types of phase behavior for these com- 
plicated surfactant-oil-water systems can be classified as lower, 
middle and upper phase microemulsions. Their lower phase micro- 
emulsion corresponds to the alcohol-oil-water phase behavior in 
Figure 6-A while the upper phase corresponds to the slope of the 
tie lines and the phase behavior in Figure 6-B. The phase diagram 
for a surfactant system which has a middle phase microemulsion as 
described by Healy, Reed and Stenmark is not illustrated here. 
Nelson and Pope (137) have also investigated the relationship be- 
tween phase behavior and oil recovery. They prefer to call the 
phase behavior exhibited in Figure 6-A as Type II- (the slope of 
the tie lines is negative) and Figure 6-B as Type II+ (slope of 
the tie lines is positive for expanding oil phase). For micro- 
emulsions with a prominent middle phase, they used the same desig- 
mation as Winsor (138) and Healy et al. (93) [i.e., Type III to 
illustrate the three phases]. 


In general, Nelson and Pope (137) agree with the observations 
of Reed and Healy (49) that the best oil recovery should be ob- 
tained with microemulsions exhibiting the Type III behavior because 
this is normally near the optimal salinity with interfacial ten- 
sions at a minimum between both the oil and water phases in contact 
with the middle microemulsion phase. However, all of the data 


42 J. J. TABER 


reported by Nelson and Pope indicate that the recovery from the 

Type II+ surfactant system (expanding oil phase) was equally good. 
They observed an oil recovery of 89% of the residual oil in both the 
Type III and the Type II+ displacement experiments. 


Larson (139) also carried out a detailed analysis of the in- 
fluence of phase behavior on surfactant flooding. He constructed 
mathematical models to account for phase behavior, low interfacial 
tension, dispersion and other mechanisms to determine conditions 
under which good oil recovery can be obtained. He also found that 
the best recovery should come from Type II+, that is an expanding 
oil phase with the plait point on the left. Larson goes even fur- 
ther in his analysis to claim that good recovery can be achieved 
from phase behavior alone without the requirement for low inter- 
facial tensions. However, without the aid of low interfacial 
tension, the good recovery is delayed according to Larson (139). 


Therefore, it appears that this section could be concluded 
with the summary that the best oil recovery with fluids which bring 
about low interfacial tension can come either from fluids which are 
at their optimal salinity so that a fluid of very low interfacial 
tension is interposed between the oil phase and the brine phase, 
or, in the event that the surfactant-oil-water system is a two- 
phase mixture, it is essential that the displacement process occur 
with the Type LI+ mechanism as described by Nelson or Larson, i.e., 
an expanding oil phase should be part of the displacement process 
in the region where surfactant or alcohol concentration is increas-— 
ing. 


Unfortunately, when it comes to multi-phase flow in porous 
media, nature does not permit us to come to such straightforward 
conclusions. Taber and Meyer (136) observed what might be termed 
an "inverse viscosity effect." During a long series of experiments 
in which they were able to provide an expanding oil phase through- 
out the displacement process (simply by adding oil to the injected 
alcohol), they noted that oil recovery actually decreased in some 
cases when their target oil in the Berea sandstone had a low vis- 
cosity. This adverse displacement of a low viscosity oil with a 
very favorable mobility ratio, in a presumed miscible displacement, 
was contrary to all information on miscible displacement at that 
time. They noted that even though phase behavior was much more 
favorable, as, for example with pentane, the recovery was actually 
somewhat less than the recovery of Soltrol (a C19-C12 hydrocarbon) 
because the heavier and more viscous hydrocarbon was trapped less 
in the oil-water bank which was being displaced by the alcohol 
piston. This increased trapping of less viscous oil is observed 
only when oil and water banks are flowing simultaneously as they 
must when they are being displaced with a fluid miscible with each 
of them. According to the stabilized bank theory, an oil of a high 
viscosity will automatically flow with a much higher saturation in 
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the stabilized bank than an oil of lower viscosity. Raimondi and 
Torcaso (140) have shown that the trapping of the oil phase when 
both oil and water are flowing simultaneously is a function of the 
saturation of that oil phase in the bank. Therefore, oils with 
high viscosities will have high oil saturations in the stabilized 
bank ahead of the alcohol piston and relatively little capillary 
trapping of this viscous gil will take place. On the other hand, 
oils with low viscosities, such as iso-octane or pentane will be 
flowing at oil saturations much closer to the normal residual satu- 
ration. Therefore, the amount of oil trapped is somewhat higher 
for the low-viscosity oils. This means that the alcohol is unable 
to produce all of the oil in this stabilized bank except by extrac- 
tion eyen for systems with an expanding oil phase. The data of 
Taber and Meyer (136) indicate that the optimum oil recovery for 
normal hydrocarbons should come with an oil having a viscosity of 
about 2 or 3 centipoises. For oils which are more viscous than 
this, the phase diagram becomes less favorable, and with oils 
having viscosities somewhat less than 3 centipoises, the "Raimondi 
and Torcaso" type trapping in simultaneously flowing banks takes 
over and displacement becomes inefficient regardless of the favor- 
able phase diagram employed. Therefore, it appears that any dis- 
placement, wherein oil and water are both pushed ahead of a miscible 
solvent, will be aided by low interfacial tensions because of the 
difficulty of avoiding oil trapping at some point in the displace- 
ment process. 


In conclusion, it appears that a miscible displacement can 
approach the theoretical value (in which the slug deteriorates in 
proportion to the square root of the distance travelled) only in 
those cases where there is no water (or 2nd phase) in advance of 
the miscible slug. 


FUTURE DIRECTIONS FOR ENHANCED OIL RECOVERY 


As hydrocarbons become more valuable and also less available 
in the United States and Canada, it is clear that the increased use 
of inert gases such as carbon dioxide, nitrogen and waste flue 
gases will be emphasized. Laboratory research will continue to try 
to understand the mechanisms and researchers will try to devise 
better techniques for using these inexpensive low-viscosity fluids 
more effectively. Research on efforts to use that almost incom- 
pressible fluid, water, to drive the special gases through the 
reservoir will undoubtedly receive more emphasis. 


For those tertiary oil recovery processes where thickened water 
must serve as the efficient driving fluid, the direction of the 
future research emerges From the discussions in the previous sec~ 
tions. The engineers and surface chemists will continue to try to 
find formulation which not only provide very low interfacial ten- 
sions between the oil and water but which will function to keep 
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oil phase expanding or flowing at a high saturation during the 
displacement process. Recent work with microwave techniques indi- 
cate that the transitory high oil saturations at the leading edge 
of the oil-water bank during micellar flooding come from hysteresis 
in the fractional flow curve (141). This work may provide insight 
into possible new methods for optimizing this oil bank saturation 
at the bank-micellar (or solvent) interface to minimize deleterious 
capillary trapping in near-miscible systems. 


New experimental work on oil-water interfacial viscosities and 
the coalescence of oil droplets will also be carried out because 
some authors have shown that these phenomena can affect oil recov- 
ery, especially in some oil-water-surfactant systems (142-145). 
However, to date it has been difficult to separate the net contri- 
butions of coalescence or interfacial viscosity from the well- 
documented influence of interfacial tension on oil recovery. 


There already is a tendency to use higher quantities of cer- 
tain alcohols as cosurfactants in these formulations, and it is 
anticipated that the use of these materials will increase. Although 
alcohols are expensive, the potential advantages for oil recovery 
are so great that future research may continue to examine the pos— 
sibility of using alcohols as the main slug material for some 
processes. 


There will also be efforts to improve the effectiveness of 
recovery processes by changing the geometry of the standard injec- 
tion well-production well system. With these recovery fluids be- 
coming more expensive, it is anticipated that there will be efforts 
to drill long lateral drain holes to put the fluids more precisely 
where they are needed in the reservoir. Drilling technology is 
improving and strides are being made which permit horizontal 
drilling with a shorter turning radius at the bottom of the well. 
Some of this emphasis has come with the increased need for in situ 
processes for coal gasification, but there are good reasons to use 
this technology to convert the inefficient radial, 5-spot pattern 
into a flood which may approach a linear drive. In addition to the 
marked improvement in efficiency for placing the fluids, horizontal 
drain holes can increase the flooding rate and the resultant AP/Lo 


ratio by a factor of 2 to 4 compared to the ordinary 5-spot patterns 
(38796). 


New attempts to recover the valuable fluids which are injected 

in recovery processes can be expected. Most field operations 

with micellar-polymer fluids are designed with the understanding 
that all of the surfactant and other chemicals are sacrificed to 
the reservoir. The cost of the lost chemicals must be made up by 

a very large increase in oil production. As hydrocarbons become 
more yaluable, it appears that a system of alcohols may become 
practical if a large portion of these alcohols can be recovered 
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by continuing the waterflooding beyond the point at which most of 
the oil has been produced. Economic recovery of the injected sol- 
vents will be difficult because there will be large quantities of 
single phase fluids composed of oil plus alcohol dissolved in large 
amounts of water and complete separation of these fluids (by dis- 
tillation, etc.) might take more energy than that contained in the 
solvents and hydrocarbons recovered. Therefore, it has been sug- 
gested that solar energy (which is too expensive today) might pro- 
vide some non-hydrocarbon energy for at least partial separation 

of the alcohol and water produced. Not all of the alcohol, oil and 
water mixture would need to be separated; some of it could be re- 
injected as a field process is expanded. 


In conclusion, much has been learned since Uren, Fahmy and 
others started investigating the possibility of improving oil re- 
covery by using materials to alter the surface properties of the 
oil-water-solid system. An ideal displacement process for dis- 
placing oil should include good mobility control and a method for 
keeping the oil phase*continuous while low oil-water interfacial 
tension is maintained. 


Present formulations and methods are designed now to provide 
just these conditions economically, but the difficulty of propel- 
ling the recovery fluids through the formation while maintaining 
these optimum conditions will keep surface chemists occupied for 
Many years to come. 


SYMBOLS 
D average pore diameter [L] (Leverett) 
D median pore diameter [L] (MacDonald and Dullien) 
Da mean pore entry diameter [L] (MacDonald and Dullien) 
= microscopic displacement efficiency [Dimensionless] 
ne (AG : : 
£ multiple oil filament length to radius ratio = — [Dimension- 


less], where AL = length of multipore oil mass ai] exexel 
a = average radius of trapped oil mass [L] (Stegemeier) 
g gravitational constant = 32.2 (ft/sec)/sec Pete | 
K total (absolute) permeability [L2] 
k relative permeability to displacing wetting phase (usually 
water) [Dimensionless] 
L length over which pressure drop occurs [L] 
& mean length of an oil ganglion [L] (MacDonald and Dullien) 
Kk. AP 


N capillary number, = 6 = 5 Es [Dimensionless] (Foster; 


Melrose and Brandner) 
N Leverett number = JgK/¢ [Dimensionless], where Jg = drainage 
curvature, reciprocal of sum of interface radii [Lat] 
(Stegemeier) 
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a Kk AP 

Noe viscous/capillary number = raise ae [Dimensionless ] 
(Stegemeier) 

P. capillary pressure ("displacement"' pressure as used by 
Ceverett),—normally Po = 2ocos? tut], where r = pore 
radius Ape) 

AP pressure drop [ML T —] 

te pore neck radius [L] (Oh and Slattery) 

Vv pares velocity of displacing wetting phase (usually water) 
Mite 

Zs ab curvature correction factor~for imbibition [Dimensionless] 
(Morrow) 

Greek 

s) contact angle at phase boundary between wetting and non- 
wetting phase (usually water and oil) respectively, normally 
measured through wetting phase [Dimensionless] 

u effective viscosity of displacing wetting phase (usually water) 
= =! -1 
ae [Mia Le | 

W same as U (Mi~tr-1} 

Uy effective viscosity of displaced non-wetting phase (usually 
oil) [mi7tr-ly 

(e} interfacial tension between wetting and non-wetting phase 
(usually water and oil) (MT~2 ] 

) porosity of medium [Dimensionless] 

w geometrical factor for curvature of front and back of trapped 
oil mass [Dimensionless] 
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THE PHYSICO-CHEMICAL CONDITIONS NECESSARY TO PRODUCE ULTRALOW 


INTERFACIAL TENSION AT THE OIL/BRINE INTERFACE 


K. S..Chan™ and D. 0. Shah 


Departments of Chemical Engineering and Anesthesiology 
University of Florida 
Gainesville, Florida:32611,.U;S.A. 


In a petroleum sulfonate/isobutanol/dodecane/brine system, 
there are two regions of ultralow interfacial tension (IFT), one 
at low surfactant concentrations (0.1-0.2%) and the other at higher 
surfactant concentrations (4 to 10%). In the low concentration 
range, the oil/brine/surfactant/alcohol system is a two-phase 
system, whereas at high surfactant concentrations, it becomes a 
three-phase system in which a middle phase microemulsion is in 
equilibrium with excess brine and oil. For low surfactant concen- 
tration systems, we have shown that the ultralow IFT minimum cor- 
responds to the onset of micellization and partition coefficient 
of surfactant near unity. This correlation was observed for the 
effect of surfactant concentration, salt concentration and oil 
chain length on the interfacial tension. The minimum in inter- 
facial tension corresponds to a maximum electrophoretic mobility 
of oil droplets. This correlation was also observed for the effect 
of caustic on several crude oils. 


In high surfactant concentration systems, a middle phase micro- 
emulsion forms in equilibrium with excess oil and brine in a given 
salinity range. The middle phase microemulsion contains equal 
volumes of oil and brine and practically all of the surfactant at 
a specific salinity defined as the optimal salinity of the given 
system. The interfacial tension of the two interfaces, middle 
phase/brine and middle phase/oil, depends on the extent of solubi- 
lization of oil and brine in the middle phase microemulsion. The 
higher the solubilization of oil and brine in the middle phase, the 
lower is the interfacial tension at both these interfaces. We have 
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shown that the optimal salinity increases with the oil chain length 
for a given surfactant system. The optimal salinity decreases with 
an increase in the alcohol chain length. As the oil chain length 
increases the solubilization of oil and brine in the middle phase 
microemulsion at the optimal salinity decreases. The formation of 
middle phase microemulsions appears to be similar to coacervation 
phenomenon and quite different from the solubilization of brine in 
oil external microemulsions. The £ > m > u transition can be 
achieved by changing one of the following variables: Salinity, 
Temperature, Alcohol Chain Length, Oil Chain Length, Oil/Brine 
Ratio, Surfactant Concentration, Surfactant Solution/Oil Ratio, and 
the Molecular Weight of Surfactant. 


INTRODUCTION 


It is well recognized that the two major forces acting on an 
entrapped oil ganglion in the reservoir pore structure are viscous 
forces and capillary forces. Melrose and Brandner (1) have shown 
that the capillary number must be increased from 10-6 to 10-2 for 
mobilization of entrapped oil ganglia in order to improve the 
microscopic displacement efficiency. Under practical reservoir 
conditions, this change can be brought about by decreasing the in- 
terfacial tension from about 20 dynes to 10-3 dynes/cm. It has 
been shown by several investigators (2-7) that using a suitable 
surfactant system, an ultralow interfacial tension can be achieved 
at the oil/brine interface. At low surfactant concentrations, the 
oil/brine/surfactant/alcohol systems form two phases whereas often 
at high surfactant concentrations, middle phase microemulsions form 
in equilibrium with excess oil and brine (8,9). The interfacial 
tension of the middle phase microemulsion with excess oil or excess 
brine depends upon the magnitude of solubilization of oil and brine 
in the middle phase. The higher the solubilization of oil and 
brine in the middle phase, the lower is the interfacial tension. 
The salinity at which the middle phase microemulsion contains 
equal volumes of oil and brine is defined as the optimal salinity. 
The oil recovery is found to be maximum at or near the optimal 
salinity (8,10). At optimal salinity, the phase separation time 
or coalescence time of emulsions and the apparent viscosity of 
these emulsions in porous media are found to be minimum (11,12). 
Therefore, it appears that upon increasing the salinity, the surf- 
actant migrates from the lower phase to middle phase to upper 
phase in an oil/brine/surfactant/alcohol system. The 2*>+m->u 
transition can be achieved by also changing any of the following 
variables: Temperature, Alcohol Chain Length, Oil/Brine Ratio, 
Surfactant Solution/Oil Ratio, Surfactant Concentration and 
Molecular Weight of Surfactant. The present paper summarizes our 
extensive studies on the low and high surfactant concentration 
systems and related phenomena necessary to achieve ultralow inter- 
facial tension in oil/brine/surfactant/alcohol systems. 
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EXPERIMENTAL 


The petroleum sulfonates TRS 10-80 (= 80% active) and TRS 10- 
410 (* 60% active) were supplied by Witco Chemicals Company. The 
average equivalent weight of these surfactants was 420. Alkyl 
monophosphate ester, Klearfac AA-270 (= 90% active) was supplied 
by BASF-Wyandotte Corporation. Paraffinic oils and short chain 
alcohols of > 99% purity were purchased from Chemical Samples Com- 
pany. All chemicals were used as received. Aqueous solutions of 
surfactants were prepared on weight basis. 


Low surfactant concentration systems: The systems were equil- 


ibrated by taking two-thirds aqueous solution and one-third oil by 
volume in 250 ml separatory funnels maintained at 25°C. After 
shaking vigorously for about 30 minutes using a mechanical shaker, 
the solutions were allowed to stand for about 3 to 6 weeks until 
clear interfaces were obtained. The equilibrated oil and aqueous 
phases were then separated from the top and bottom of the funnel 
respectively for various physico-chemical measurements. 


For mixed surfactant systems, the effect of Klearfac AA-270 
on the interfacial tension was studied by gradually replacing 
TRS 10-410 with Klearfac AA-270 and keeping the total surfactant 
Concentration at 0.22. 


Interfacial tensions between the equilibrated oil and aqueous 
phases were measured by a spinning drop tensiometer using the 
method described by Schechter and co-workers (2,3,5). Each drop 
of oil was spun until a constant interfacial tension was reached. 
The temperature was maintained at 25 + 1°C. 


High surfactant concentration systems: The petroleum sulfonate 


and alcohol of given quantities were dissolved in equal volumes of 
oil and brine. The system was shaken vigorously and was rotated 
on a slow rotor for several days and was then allowed to stand 
until the phase volumes did not show any change with time. The 
surfactant concentration was determined by two-phase dye-titration 
or UY-absorbance measurements. 


RESULTS AND DISCUSSION 


The effect of surfactant concentration on interfacial tension 
in the TRS 10-410/IBA/Dodecane/Brine system is shown in Figure 1. 
It is evident that there are two regions in which ultralow inter- 
facial tension is observed, i.e., in the low concentration region 
around 0.1% and the other around 4% surfactant concentration. In 
the low concentration region, the system forms two phases, namely, 
oil and brine whereas in the high concentration region the middle 
phase microemulsion is in equilibrium with excess oil and brine 
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Fig. 1. Effect of surfactant concentration on interfacial tension 
of TRS 10-410 + IBA in 1.5% NaCl solution with dodecane. 


(13). First, we will discuss the molecular mechanism responsible 
for the ultralow interfacial tension in the low concentration 
region and, subsequently, we shall discuss the phenomena related 
to the three-phase system. 


Figure 2 summarizes the effect of NaCl concentration, oil 
chain length and surfactant concentration on the interfacial ten- 
sion in this system. It is evident that ultralow interfacial 
tension minimum occurs at a specific salinity or specific oil 
chain length or specific surfactant concentration. Using light 
scattering, osmotic pressure, surface tension, dye solubilization 
and various other techniques, we have shown that the ultralow in- 
terfacial tension minimum in this system correlates with the onset 
of micellization in the aqueous phase and the partition coefficient 
of surfactant near unity (14). Baviere (15) has also shown that 
the partition coefficient is near unity at the salinity where 
minimum interfacial tension occurs. 


Figure 3 schematically illustrates the effect of NaCl concen- 
tration on the partitioning of surfactant molecules in an oil/brine 
system. At low salinities, most of the surfactant molecules are 
found in the brine phase whereas at very high salinities, most of 
the surfactant molecules are found in the oil phase. Hence, as the 
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PETROLEUM SULFONATES: 


NoCl Conc. Oil Chain Length Surfactant Conc. 


Fig. 2. The effect of salt concentration, oil chain length and 
surfactant concentration on interfacial tension. 


NaCl CONC. % 


Fig. 3. The effect of salt concentration on the partitioning of 
surfactant and micelle formation. 


salinity is increased, the surfactant molecules gradually migrate 
from the aqueous to the oil phase. At a specific salinity, the 
surfactant concentration in the oil and aqueous phase becomes 
equal leading to the partition coefficient of unity. Also there 
will be a specific salinity at which the surfactant concentration 
in the aqueous phase reaches the value of the ‘apparent cmc'. We 
are using the words apparent cmc because the micellization in this 
case occurs in the presence of dissolved oil and salt and hence it 
is likely to be different from the cmc of the same surfactant in 
pure water without oil. In the system studied in this paper, both 
the apparent cmc and the partition coefficient near unity occurred 
at the same salinity. However, we have found (16) that in other 
systems, this may occur at different salinities. Thus, it appears 
that the minimum in ultralow IFT corresponds to the onset of micel- 
lization rather than to the partition coefficient of unity. 


The effect of oil chain length on the partition coefficient 
of surfactant in the oil/brine system is explained in Figure 4. 
We have shown (14) that as the oil chain length is increased, the 
partitioning of the surfactant in the oil phase decreases and con- 
sequently the surfactant concentration in brine increases. There- 
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Fig. 4. The effect of oil chain length on the partitioning of 
surfactant and micelle formation. 


fore, at a specific oil chain length, surfactant concentration be- 
comes equal in both the oil and the brine phase. Similarly, at a 
specific oil chain length, the surfactant concentration in the 
aqueous phase reaches the value of the apparent cmc. Therefore, 
on the left hand side of the critical oil chain length (Figure 4), 
the aqueous phase has no micelles whereas on the right hand side 
of the critical oil chain length, the micelles are present in the 
aqueous phase. In the present system, both the onset of micelliza- 
tion and the partition coefficient near unity occur at the same 
oil chain length. Our light scattering results (14) also confirm 
that the micelles begin to form at the same chain length where the 
minimum IFT is observed. 


Figure 5 schematically illustrates the effect of surfactant 
concentration on partitioning of the surfactant and micellization 
phenomena. One can consider that the petroleum sulfonate is having 
both oil soluble and water soluble species. At very low surfactant 
concentrations (e.g., C,), water soluble species will remain in 
brine and the oil soluble species will partition into oil. At the 
oil/brine interface both these species can be adsorbed. However, 
as the surfactant concentration is increased, the concentration of 
oil soluble species in oil and water soluble species in brine in- 
creases. At a specific concentration (e.g., C3), the water 
soluble species can reach to its cmc and begin to form micelles. 
Above this critical concentration, the oil soluble species can 
remain in the micelles. In other words, once the water soluble ~ 
species begin to form micelles in the aqueous phase, the oil 
soluble species can either solubilize in micelles or partition 
into oil. The solubilization of the oil soluble species in the 
micelles decreases the apparent cmc and hence the surfactant mono- 
mer concentration. The reduction in monomer concentration results 
in the decrease of surface concentration of the water soluble 
species and hence the interfacial tension increases. The more oil 
soluble species dissolve into the micelles, the greater is the 
decrease in the apparent cmc and hence the corresponding decrease 
in the monomer concentration resulting in the increase in inter- 
facial tension. The explanation as shown in Figure 5 explains the 
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Fig. 5. The molecular mechanism for the effect of surfactant con- 
centration on interfacial and surface tensions. 


effect of surfactant concentration on interfacial tension in the 
systems studied in this paper. 

Figure 6 shows the effect of surfactant concentration on in- 
terfacial tension and electrophoretic mobility of oil droplets 
(14). It is evident that the minimum in interfacial tension cor- 
responds to a maximum in electrophoretic mobility and hence in zeta 
potential at the oil/brine interface. Similar to the electro- 
capillary effect observed in mercury/water systems, we believe that 
the high surface charge density at the oil/brine interface also 
contributes to lowering of the interfacial tension. This correla- 
tion was also observed for the effect of caustic concentration on 
the interfacial tension of several crude oils (Figure 7). Here 
also, the minimum interfacial tension and the maximum electropho- 
retic mobility occurred in the same range of caustic concentration 
(17). Similar correlation for the effect of salt concentration on 
the interfacial tension and electrophoretic mobility of a crude 
oil was also observed (18). Thus, we believe that surface charge 
density at the oil/brine interface is an important component of 
the ultralow interfacial tension. 


An overview of several variables that influence the inter- 
facial tension and the important processes that occur in oil/brine/ 
surfactant systems, namely, the partitioning of the surfactant and 
the effective cmc or monomer concentration of the surfactant are 
shown in Figure 8. These two processes will determine the three 
major components of the interfacial tension, namely, surface con- 
centration of the surfactant, surface charge density and solubiliza- 
tion of oil or brine in each other. Hence, as shown in Figure 9, 
the magnitude of interfacial tension can be adjusted by changing 
any of these three variables. The surface concentration is the 
major variable, then surface charge density and then solubilization 
of oil or brine. By adjusting these variables, one can push the 
system to ultralow interfacial tension. Using this concept, we 
were able to decrease the interfacial tension by increasing the 
surface charge density upon the addition of alkyl monophosphate 
esters in this system. 
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Fig. 6. The effect of TRS 10-80 concentration on interfacial ten= 
sion and electrophoretic mobility of n-octane droplets in 
surfactant solutions, Temp. ~ 28°C. 


Figure 10 shows the interfacial tension of an oil/brine system 
by a mixture of petroleum sulfonate (TRS 10-410) and alkyl mono- 
phosphate ester (Klearfac AA-270). As the proportion of phosphate 
ester increases, the magnitude of interfacial tension decreases and 
there is a considerable broadening of the interfacial tension mini- 
mum. Moreoyer, the minimum shifts to a higher salinity. We ex- 
plained this on the basis of the number of anionic atoms per polar 
group. In the petroleum sulfonate, there is one negatively charged 
oxygen per sulfonate group whereas in the phosphate group, there 
are two negatively charged oxygens per polar group. Therefore, as 
shown in Figure 11, the mixed micelles of the petroleum sulfonate 
and the alkyl monophosphate esters will have a greater surface 
charge density at the micelle surface as well as at the oil/brine 
interface. We believe that these results support our conclusion 


that the surface charge density is an important component of the 
ultralow interfacial tension. 


The Formation of Middle Phase Microemulsions in High Surfactant 
Concentration Systems 


The effect of salinity on the surfactant rich phase in the 
oil/brine/surfactant/alcohol systems is shown in Figure 12. It is 


CONDITIONS TO PRODUCE ULTRALOW INTERFACIAL TENSION 


10 10 
of 5 
fi weal | 
E INTERFACIAL / | 
x~ gt TENSION 
<> | | 
g / ELECTROPHORETIC S 
: / | MOBILITY . 
a o 
Faery iE e 
Z | 2 
@ 
oO \ 2 
ao S 
oO \ n 
~ rf 
WwW \ 4 res 
eS =} 
aol S 
oO 
© re 
Cy a 
r uJ 
- Zi SPONTANEOUS = 
w a EMULSIFICATION 2 
ae REGION 
Sr -~» —+____» 
ve 
Air 
1 i 4 4 nel mt yf St =: 30.005 
00004 0.002 0.004 0.02 0.04 Orn Ol4 24 


SODIUM HYDROXIDE (NaOH) CONCENTRATION (wt %) 
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Fig. 9. A schematic presentation of three components of inter- 
facial tension in the oil/brine/surfactant systems. 
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Fig. 10. Effect of salinity on the magnitude and broadening of 
the interfacial tension by the addition of Klearfac 
AA-270 in 0.2% surfactants + 0.12% IBA/n-octane system. 
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Fig. 11. The schematic presentation of the increase in the sur- 
face charge density at the micellar surface and oil/ 
water interface due to mixing of Klearfac AA-270 with 
petroleum sulfonate TRS 10-410. 


evident that as the salinity increases the surfactant migrates 

from the lower phase to middle phase to upper phase microemulsions. 
The salinity at which equal volumes of oil and brine are solubil- 
ized in the middle phase microemulsion is defined as the optimal 
salinity (8). It has been further shown that the higher the mag- 
nitude of solubilization, the greater is the reduction in inter- 
facial tension at the oil/microemulsion or brine/microemulsion 
interface (8,19-21). The optimal salinity can be shifted to a 
higher value by incorporation of ethoxylated sulfonates or alco- 
hols in the surfactant formulation (19-21). 


Figure 13 schematically illustrates our proposed mechanism 
for the formation of middle phase microemulsions (13). At low 
salinities, micelles are formed in the aqueous phase in equilibrium 
with oil. As the salinity increases, the solubilization of oil 
within the micelles increases and the thickness of electrical 
double layer around the micelles decreases. The reduction in re- 
pulsive forces allows micelles to approach each other closely and 
subsequently a micelle-rich phase separates out due to the density 
difference from the aqueous phase forming the middle phase micro- 
emulsion. Hence, the middle: phase microemulsion is similar to 
coacervation process in micellar solution where a micelle-rich 
phase separates out upon addition of salts. The presence of oil 
only contributes towards the solubilization of oil within the 
micelles. Ultimately, at higher salinities, surfactant preferen- 
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® oil swollen micelles (microdroplets of oil) 


© reverse micelles (microdroplets of water ) 


OIL 


BRINE 


Fig. 13. A schematic presentation of the mechanism of formation 
of the middle phase microemulsions upon increasing 
salinity. 


tially partitions inte the oil phase forming reverse micelles or 
water-in-oil microemulsions. Figure 14 shows the freeze-fracture 
electronmicrograph of a middle phase microemulsion at optimal 
salinity. It clearly shows the swollen microemulsion droplets in 
a continuous aqueous phase. Our additional studies (22) on sodium/ 
calcium equivalent ratio strongly support the conclusion that at 
the optimal salinity, the middle phase microemulsion is water- 
external. However, it is well recognized that the microemulsion 
structure changes in the salinity range over which middle phase 
microemulsion exists because the solubilization of oil and brine 
in the middle phase microemulsion changes depending upon the 
salinity. 


Figure 15 shows the effect of oil chain length on the optimal 
salinity in the present system (23). It is evident that as the oil 
chain length increases, the optimal salinity also increases. The 
interfacial tension at the corresponding optimal salinity also in- 
creases with the chain length of oil. Figure 16 shows the volume 
of the middle phase and the surfactant concentration in the middle 
phase as a function of the oil chain length. It is clear that the 
solubilization of oil and brine in the middle phase decreases as 
the oil chain length increases (23). 


Figure 17 schematically illustrates the 2 > m-> u transition 
in the oil/brine/surfactant/alcohol systems in relation to several 
variables. Therefore, it appears that the surfactant migration is 
a general phenomenon that can be brought about by changing of 
several variables. Figure 18 schematically illustrates the com- 
parison of low surfactant concentration and high surfactant con- 
poueotton systems. It is interesting that in low surfactant 
concentration systems (two phase systems) the ultralow interfacial 
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Fig. 15. The effect of oil chain length on the optimal salinity 
and the corresponding interfacial tension of 5% TRS 10- 
410 + 3% IBA system. 
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Fig. 16. Volume of the middle phase and concentration of TRS 10- 
410 (100% active) in the middle phase at optimal salinity 
for different chain length of oils. 
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Fig. 17. Factors influencing the formation of 2-, m-, u- micro- 
emulsions for oil/brine/surfactant/alcohol systems. 
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Fig. 18. A comparison of phenomena occurring in low and high surf- 
actant concentration systems. 


tension is observed near the partition coefficient unity (14). 
In the high surfactant concentration systems, at optimal salinity 


the partition 
brine is also 
microemulsion 
as the excess 
concentration 


coefficient of surfactant in excess oil and excess 
near unity (13). In other words, the middle phase 
seems to be a reservoir of excess surfactant, where- 
oil and brine phase resemble that of low surfactant 
systems. We have also found that at optimal salinity 


the interfacial tension between excess oil and excess brine is 
minimum due to partition coefficient near unity (13). 
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A comparison between the high surfactant concentration and low 
urfactant concentration systems is shown in Figure 19. The opti- 
mal oil chain length for ultralow interfacial tension is found to 
be Cj> for high surfactant concentration systems. For low surfact- 
ant concentration systems (0.12 TRS 10-410), the same chain length 
.C,5) was found to be optimum for ultralow interfacial tension. 
Therefore, we propose that the phenomena occurring in low surfact- 
oncentration and high surfactant concentration systems are 
ar. We have further shown (23) that the optimal salinity de- 
creases with alcohol chain length (23). Im other words, the higher 
the alcohol chain length, the lower is the optimal salinity of a 
iven surfa ctant/alcokolfasivir ine System. The effect of alcohol 
a timal salinity is related to the brine solubility of the 
wicuael: The higher the solubility of the alcohol in brine, the 
: ris the optimal salinity (24) 


In summary, the formation of middle phase microemulsion at 
timal salinity is an important phenomenon with respect to 
ow interfacial tension, solubilization, rate of coalescence 
] p ciency in porous media (10,11,25). Also, 
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FURTHER STUDIES ON PHASE RELATIONSHIPS IN CHEMICAL FLOODING 


R. C. Nelson 


Shell Development Company 
Per Onmeboxe cron 
Houston, Texas 7/001, U.S.A. 


Additional experimental evidence continues to support the idea 
that local phase equilibrium is approached closely in an oil reser- 
voir under chemical flood. Since phases formed inside the pore 
space of the rock generally are not of equal mobility, components 
of the chemical slug may separate during the flood if they parti- 
tion differently among the phases. Under certain conditions excess 
brine phases, generated in the mixing zone between the chemical 
slug and the oil bank, can sweep ahead of surfactant-rich, micro- 
emulsion phases creating, thereby, an in situ preflood. 


During the early stages of a chemical flood, before the mixing 
zone between the drive and the chemical slug begins to overlap the 
mixing zone between the chemical slug and the oil bank, Phase 
Volume Diagrams provide useful information regarding the number, 
volume fractions, compositions and properties of phases in those 
mixing zones. After those mixing zones overlap, similar pertinent 
information is provided by Salinity Requirement Diagrams. 


For most surfactant systems used in chemical flooding, optimal 
salinity for oil displacement in the presence of multivalent cat- 
ions decreases as surfactant concentration decreases. One reason 
for conducting a chemical flood in a salinity gradient is to keep 
the surfactants at optimal salinity as their concentration is 
reduced by adsorption and dispersion during the flood. 


Multivalent cations affect phase behavior, hence, optimal 
salinity, more than the effect of an equal molar quantity of mono- 
valent cations; and the multivalent to monovalent cation effective- 
ness ratio increases with decreasing surfactant concentration. 
Consequently, ion exchange during a chemical flood can influence 
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the oil-displacing effectiveness of the flood, especially late in 
the flood when surfactant concentration is low. Another reason for 
conducting a chemical flood in a salinity gradient is to establish 
a condition of "favorable" ion exchange. 


The effectiveness of a chemical flood depends upon phase com- 
positions established in the mixing zones--particularly the mixing 
zone between the drive and chemical slug--so the oil-displacing 
effectiveness of a chemical flooding system cannot be predicted by 
screening tests which involve only the full-strength chemical slug 
and the oil it is intended to displace. 


INTRODUCT ION 


In a previous paper (1), we presented evidence from laboratory 
chemical floods that the same equilibrium phases which form in 
laboratory sample tubes form also inside the rock during a chemical 
flood. We concluded that a reservoir under chemical flood can be 
treated as a series of connected mixing cells in each cell of which 
phase equilibrium is attained. Thus, in addition to helping us 
understand, predict and represent the phases we observe in labora- 
tory sample tubes, phase diagrams also help us understand the 
mechanisms of the chemical flooding process. 


Figure 1 is reproduced from Reference (1). It is typical of 
pseudo phase diagrams for chemical flooding systems. The surfact-— 
ants, brine and oil are considered as being single, pure components. 
In this case, the isobutyl alcohol in the system has been included 
with the surfactant. The figure depicts a "Type IIL" phase environ- 
ment; one-phase, two-phase and three-phase regions appear. The 
reader is referred to Reference (1) for more detailed discussion of 
the figure and for complete discussion of phase environment types 
and their significance in chemical flooding. 


The inadequacies of representing multicomponent chemical 
flooding systems by three pseudo components and techniques for 
choosing better pseudo components have been discussed recently in 
the literature (2,3). To the extent that we can ignore or compen- 
sate for those inadequacies, we could in principle follow or pre- 
dict the entire compositional course of a chemical flood if we had 
phase diagrams for all combinations of surfactant, brine and oil 
which were to be present at any point in the pore space of the 
rock at any time during the flood and if we knew the fractional 
flow characteristics of all those phases in the presence of the 
other phases. The compositional simulators address that task (4,5). 
In this paper we show how a relatively few observations of phase 
behavior, with brine salinity and surfactant concentration as 
variables, can be of considerable value in formulating chemical 
flooding systems and in understanding performance observed in 
laboratory chemical floods. 


75 


PHASE RELATIONSHIPS IN CHEMICAL FLOODING 


weisertp eseud opnesd ~Teotdéq y ‘TT ‘31g 


HALUM ONES 1d. 


O1S 

GAS NAS % 292 
85- es nareN 
0-OSI SN1Yd 
BLES 

110 


ASB’Hd 3NO 


(eo) 


Gs} cs SH) 


TVOHOOTW TALNEOSI *#™ 28 °ST 
SE-Sc JOGOSN ~*" “42°71 
SOt Sl ALUNOYULSd “t" Z£O°EL 


INBLOBAYNS 


46 R. C. NELSON 


We illustrate and emphasize that optimal salinity for most 
chemical flooding surfactant systems is a function of surfactant 
concentration, particularly in the presence of multivalent cations. 
Since most reservoir brines contain multivalent cations, failure 
to recognize this point can lead to serious errors in formulating 
the chemical slug and drive. As surfactant concentration decreases, 
due to adsorption and dispersion, during the course of a chemical 
flood with a finite chemical slug, optimal salinity usually de- 
creases. A convenient way to maintain optimal oil-displacing 
activity as the surfactant concentration decreases, is to conduct 
the chemical flood in a salinity gradient. That is, the salinity 
of the chemical slug should be less than the salinity of the for- 
mation or preflood brine, and the salinity of the drive should be 
less than the salinity of the chemical slug. The advantages of 
conducting a chemical flood in a salinity gradient have been 
pointed out in the literature (1,4-6). 


In this paper we utilize "Phase Volume Diagrams” in discussing 
the results of floods with continuous chemical floods. Such dia- 
grams depict equilibrium volumes, compositions and properties for 
varying combinations of chemical slug, brine and oil. Phase Volume 
Diagrams are used by others too (7,8). 


We introduce in this paper the "Salinity Requirement Diagram", 
a representation of the phase behavior and optimal salinity of a 
given surfactant system in the presence of a given oil as a func- 
tion of surfactant concentration and the salinity of the brine to 
which the surfactant is exposed. We illustrate the utility of 
Salinity Requirement Diagrams in formulating chemical flooding 
systems and in understanding the results of laboratory chemical 
floods. Chemical flooding research by others appears to be moving 
in this direction (9). 


EXPERIMENTAL 


All laboratory chemical floods were run at flow rates of one 
foot per day at 168°F in two-inch-square Berea sandstone cores 22 
inches long. Permeability of the cores to brine was near 600 
millidarcies, and the porosity of the cores was about 20 percent. 


The oil was a blend of 27 volume percent isooctane and 73 
volume percent stock tank oil. That blend is designed to give an 
oil of the same viscosity and of approximately the same solvency 
characteristics as the live crude in a particular oil reservoir of 
IMEereS'E. 


The formation brine and the source of salinity for the chemi- 
cal slugs and the drives was "Synthetic 'D' Sand Water" (SDSW). 
D' Sand Water is the waterflood brine in the oil reservoir of 
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interest. It contains about 120,000 ppm total dissolved salts, 
about 1700 ppm of calcium ion and about 1300 ppm of magnesium ion. 


The primary surfactant in all chemical slugs and surfactant 
blends is Stepan Chemical Company's Petrostep 450--a 60 percent 
active petroleum sulfonate of approximately 450 average equivalent 
weight. The cosurfactant -is Shell Chemical Company's NEODOL 
25-3S--a 60 percent active alcoholethoxysulfate of about 440 aver- 
age equivalent weight. The amounts of primary surfactant and co- 
surfactant in chemical slugs and surfactant blends are expressed 
on an "as supplied" basis. 


Drive brines were thickened with Kelco Company's Kelzan MF--a 
polysaccharide biopolymer. From the results of steady state flow 
experiments we calculate that the maximum reciprocal mobility of 
the clean oil bank in these chemical floods is about 8 cp. To 
provide mobility control between the chemical slug and the oil bank 
and between the polymer drive and the chemical slug, we formulate 
the chemical slugs to a viscosity between 12 and 15 cp and the 
polymer drives to a viscosity between 20 and 30 cp at 168°F and 
7.3 sec-l, However, as we illustrate later, new phases are formed 
as the chemical slug mixes with oil, formation brine and drive 
during the flood, and polymer added to the chemical slug to pro- 
vide mobility control often does not stay in the same phase as the 
surfactants. Consequently, mobility control during the flood can 
become complex. 


RESULTS AND DISCUSSION 
Continuous Chemical Slug--Phase Volume Diagrams 


Consider two chemical floods. Both are continuous with the 
same chemical slug: 6.32 weight percent Petrostep 450 and 1.58 
weight percent NEODOL 25-3S in a brine of 36 volume percent SDSW 
in distilled water. The first ten percent pore volume of chemical 
slug in each flood is tagged with tritiated water. This radio- 
active tagging allows us to compare the rate at which the leading 
edge of the surfactant bank transports through the core with the 
rate at which the brine injected with the leading edge of surfact- 
ant transports through the core. The two floods were run as 
described in the Experimental section. The only deliberate dif- 
ference between the two floods is that one starts conventionally 
with formation brine and oil at waterflood residual in the core 
while the other starts with only formation brine in the core. 
Results are shown in Figure 2. 


The upper graph of the figure relates to the flood with only 
formation brine in the core. Tritium-tagged chemical slug was 
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Fig. 2. Retardation of surfactant compared to brine in the pres-— 
ence and absence of oil. 


injected for the first 0.10 pore volumes. The tritiated slug was 
followed immediately by non-tagged chemical slug of the same com- 
position. The concentration of tritiated water in the effluent 
liquids peaked at 0.99 pore volumes of total chemical slug injected. 
(Measurement is from the 0.05 pore volumes point since that is 
where the median of the tagged chemical slug was when the switch 

to the non-tagged chemical slug was made.) Thus, the tritium peak 
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was only one percent off the pore volume determined by saturating 
the core with formation brine. 


Surfactant concentration in the effluent liquids reached half 
of its injected concentration at 1.03 pore volumes of total chemi- 
cal slug injected. The 0.04 pore volumes lag of the surfactant 
front behind the tritium front for this chemical slug of 0.0936 
milliequivalents (meq) of surfactant per milliliter translates to 
an adsorption of surfactant by the core of 0.038 meq per 100 grams 
OferTock. 


The lower graph of Figure 2 relates to the flood with the same 
chemical slug and formation brine, but with oil at waterflood re- 
sidual saturation in the core. This time, the tritium concentra- 
tion in the effluent liquids peaked at 0.82 pore volumes of total 
chemical slug injected--0.17 pore volumes earlier than when there 
was no oil in the core. The tritiated water peaked earlier when 
there was oil in the core due to the pore volume occupied by the 
oil. According to the oil production curve, 16 percent of the pore 
volume of the core was occupied by oil when the tritium peaked. 


If all of the surfactant were traveling in the same phase as 
the tritiated water but were being retarded by adsorption on the 
rock, we would expect the surfactant bank to arrive at the effluent 
end of the core later than the tritium by a fractional pore volume 
corresponding to the amount of surfactant adsorbed plus the frac- 
tional pore volume of oil produced during the retardation period. 
When the retardation period is expressed as a fractional pore 
volume, the fractional pore volume of oil produced during that 
period is equal to the rate of change of residual oil saturation 
with pore volumes of fluids injected times the retardation frac- 
tional pore volume. But the rate of change of residual oil satura- 
tion with pore volumes of fluids injected is just the oil cut of 
the clean oil bank, i.e., the oil cut just before surfactant 
breakthrough. Thus, 


PV = IV aia OF bes V/V) PV 


Sidieie Tracer Adsp. 


where 


PV = pore volume at which surfactant 
SURE « 5 
bank arrives 

= pore volume at which tracer 
arrives. Either the tritiated 
water or chloride can be used as 
the tracer in this experiment. 


vTaCer 
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v_/V,. = oil cut in clean oil bank, i.e., 
- volume of oil being produced 
divided by total volume of oil 
and brine being produced. 


= amount of surfactant adsorbed on 
the rock expressed as fractional 
pore volume of chemical slug. 


den: 


If we assume that in these chemical floods in water-wet cores 
the surfactant sees as much rock surface when oil is present at or 
below waterflood residual as it sees when there is no oil present 
at all, we can take PVygcgp. = 0.04 from the flow experiment run 
under the same conditions in the absence of oil. The oil cut in 
the clean oil bank in this flood was 0.34, and AE ey eee 0.82 by 
both tritiated water and chloride. 


With these figures we calculate that the surfactant bank should 
have arrived at the effluent end of the core at 0.87 pore volumes 
of fluids injected provided that adsorption of surfactant on the 
rock was the only mechanism of retardation. The surfactant bank 
actually arrived, as measured by C/C° = 0.5, at 0.98 pore volumes 
of chemical slug injected. To attribute that additional 0.11 pore 
volumes of surfactant retardation to increased adsorption requires 
a mechanism by which the presence of oil in the rock, at waterflood 
residual saturation and less, more than doubles the amount of surf- 
actant absorbed by the rock. Furthermore, since the concentration 
of surfactant in the effluent liquids rises above the concentration 
of surfactant in the chemical slug, any mechanism based on adsorp- 
tion would have to include a condition under which previously 
adsorbed surfactant could be produced in the presence of full- 
strength chemical slug. We believe, rather, that the greater 
retention of surfactant in the presence of oil is due to the for- 
mation inside the core of microemulsion phases which are richer in 
surfactant and often are more viscous than the chemical slug. 


Such microemulsion phases can be seen in the effluent liquids. 
Table 1 gives composition and viscosity data for the effluent 
liquids in collection tubes which were half full at 1.09, 1.17 and 
1.24 pore volumes of total chemical slug injected. 


Considering that the chemical slug used in this continuous 
chemical flood was formulated to lie below midpoint salinity in 
the Type III phase region, where the concentration of brine is 
greater than the concentration of oil in the microemulsion phase, 
the composition and viscosity of the produced microemulsion are 
what would be expected. The concentration of surfactant in the 
produced microemulsion was half again as much as the concentration 
of surfactant in the chemical slug, and the microemulsion phase 
occupied 56 to 66 percent of the total volume of produced liquids 
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in the three collection tubes. Consequently, even though oil and 
brine were being produced simultaneously with the microemulsion, 
the overall concentration of surfactant in those sample tubes, not 
just the concentration of surfactant in the produced microemulsion, 
exceeded the concentration of surfactant in the chemical slug 


(GiGa=> hy 
Phase Volume Diagrams 


Essentially the same phases produced in this chemical flood 
in the presence of oil can be observed in laboratory sample tubes 
by constructing what we call a "Phase Volume Diagram". In one 
sample tube we equilibrate, at reservoir temperature, /0 volume 
percent of chemical slug and 30 volume percent of oil. (The chemi- 
cal slug to oil ratio usually is not critical. For some diagrams 
we prefer to use an 80/20 ratio.) In other sample tubes we equili- 
brate oil, chemical slug and formation brine keeping the volume 
percent of oil constant while decreasing the volume ratio of chemi- 
cal slug to formation brine. A suitable set of oil/chemical slug/ 
formation brine volume percents is 30/70/0, 30/65/5, 30/60/10, 
30/55/15, 30/50/20, 30/40/30, 30/30/40, 30/20/50 and 30/10/60. 


Volume fractions of the equilibrium phases are recorded, and 
the composition of the surfactant-rich (microemulsion) phase, when 
there is just one such phase, is calculated by material balance. 
In making that calculation, we assume that essentially all of the 
surfactant is in one phase. That assumption becomes less valid, 
and sometimes has to be rejected, for the last one or two (most 
dilute in surfactant) sample tubes. Some surfactant must always 
be present in excess oil and excess brine phases in equilibrium 
with a surfactant-rich microemulsion phase. At higher total 
surfactant concentrations, say the first seven of the tubes in the 
above set, the amount of surfactant in the excess phases is small 
relative to the total. At lower surfactant concentrations the 
amount of surfactant in the excess phases becomes a more significant 
EIQZCLEMON ONE TVS eo eeil 


Occasionally, two microemulsion phases form at the higher 
surfactant concentrations. When that happens, only the average 
composition of those two phases can be calculated by material 
balance. A refinement of the pseudo ternary phase diagram repre- 
sentation of these systems, involving a two-phase region below the 
three-phase region of a Type III diagram, helps to explain some of 
these conditions which are anomalous to the more simple ternary 
representation. However, for the construction of Phase Volume 
Diagrams and Salinity Requirement Diagrams, discussed later, the 
more simple ternary representation is satisfactory. 


Phase Volume Diagrams, constructed from equilibrium volumes and 
properties measured in a set of sample tubes of overall composition 
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such as the set described above, relate to the mixing zone in which 
the chemical slug is mixing with oil and formation brine. As we 
move from the sample tube in which the oil/chemical slug/formation 
brine ratio is 30/70/0 to the sample tube in which that ratio is 


30/10/60, we are moving forward through an approximation of that 
mixing zone. 

Figure 3 presents the Phase Volume Diagram for the oil/chemical 
slug/formation brine combination used in the flow experiments dis- 
cussed above. In the upper part of the diagram we plot phase 
volume fractions observed at equilibrium as a function of the 
amount of chemical slug replaced by formation brine in each sample 
tube. The points plotted at X = 0,5,10,15,20,30,40,50 and 60 show 
phase volume fractions observed for the oil/chemical slug/formation 
brine set of overall compositions: 30/70/0, 30/65/5, 30/60/10, etc. 


The diagram shows that this chemical slug gives three phases 
at equilibrium in all of the sample tubes except the last one (60). 
The volume fraction of the surfactant-rich, middle (microemulsion) 
phase decreases as chemical slug is replaced by formation brine. 
That decrease in volume fraction is due partly to the fact that the 
total amount of surfactant in the sample tube is decreasing, as 
chemical slug is replaced by formation brine, and partly to the 
fact that the brine in the tube is becoming more saline. (The 
chemical slug is made up in 36 percent SDSW; the formation brine 
is 100 percent SDSW.) The dotted lines on the right of the dia- 
gram indicate that in that part of the diagram the combination of 
low overall surfactant concentration and high brine salinity is 
causing a significant fraction of the surfactant to be in the "oil" 
phase even though a middle phase is still present. Finally, with 
only 10 volume percent of chemical slug contributing to the con- 
tents of the tube (60) no middle phase is apparent, i.e., most of 
the surfactant is in an "upper phase" microemulsion. 


Compositions of the microemulsion phases are given across the 
bottom of the diagram. Volume percent surfactant (% Surf.), volume 
percent brine (% Brine) and volume percent oil (% Oil) in the micro- 
emulsion phase is calculated by material balance assuming that all 
of the surfactant is in that phase. As would be expected from 
phase diagrams, the percent oil in the middle phase increases and 
the percent brine in that phase decreases as the overall surfact- 
ant concentration decreases and the overall salinity of the brine 
to which that surfactant is exposed increases (left to right across 
the diagram). The point at which the volume of oil equals the 
volume of brine in the middle phase is indicated on the diagram as 
being the "midpoint salinity'--a condition, discussed later in this 
report, which always is close to "optimal salinity" for the system. 


Notice that the concentration of surfactant in the middle 
phase increases even though the overall concentration of surfactant 
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in the sample tube decreases as we move from left to right across 
the diagram. This increase in concentration of surfactant and oil 
in the middle phase, as chemical slug is replaced by formation 
brine, causes the viscosity of that phase to increase. Viscosities, 
measured with a cone and plate viscometer at 168°F and 7.3 sec7l 
shear rate, are shown at appropriate points on the diagram. Due to 
experimental difficulties’ in working with small samples at high 
temperature and the sensitivity of microemulsion viscosity to shear, 
the values reported are subject to considerable error. Neverthe- 
less, the trend toward higher viscosity of the surfactant-rich 
phase, as we move forward through this representation of the mixing 
zone of the particular, continuous chemical flood under discussion, 
is clear. Furthermore, such an increase in viscosity is a general 
trend, although magnitudes vary, for most chemical slugs mixing 
with oil and formation brines of high salinity. With this infor- 
mation from the Phase Volume Diagram we are in a position to discuss 
the results of the chemical flood described in the previous section. 
Before doing that, however, we comment on the effect of polymer in 
the chemical slug. 


The viscosity of the oil used in these experiments is 2.6 cp 
atelbo F; the viscosity of the brine is 0.5 cp at that temperature. 
Thus the viscosities of the excess oil (top) and excess brine 
(bottom) phases in Figure 3 are considerably less than the viscos- 
ity of even the least viscous microemulsion (middle) phase. In 
contrast, examine the Phase Volume Diagram, Figure 4, for the 
chemical slug: 10.0 weight percent of Petrostep 450 in a brine 
which is 3.0 volume percent of SDSW. Kelzan MF biopolymer has been 
added at 1,300 ppm to this chemical slug to raise its viscosity 
from a few centipoise to about 18 centipoise. When equilibrated 
with oil, this chemical slug gives two phases-—-excess oil in equi- 
librium with a microemulsion which is 9.3 volume percent surfactant, 
83.4 volume percent brine and 7.3 volume percent oil. The viscosity 
of the equilibrium microemulsion is similar to the viscosity of the 
chemical slug. Apparently, when in contact only with excess oil, 
the polymer remains in the microemulsion. 


Figure 4 shows that when as little as 5/70 of the chemical 
slug is replaced by SDSW three equilibrium phases form. Remark- 
ably, the viscosity of the microemulsion (middle) phase is quite 
low while the viscosity of the excess brine (bottom) phase is so 
high that it does not flow when the sample tube is inverted. Even 
when 10/70 of the chemical slug is replaced by SDSW, we find that 
the viscosity of the microemulsion still is less than the viscosity 
of the original chemical slug; and the excess brine, now a larger 
fraction of the total, is a very viscous 385 centipoise. The same 
situation has occurred in every chemical slug we have examined-- 
essentially all of the polymer stays in the most aqueous phase 
regardless of where the surfactant is! 


86 R. C. NELSON 


1.00 
7 
168°F ee : 
OU 2s Gicpe) oe! 
0. 80 BS at se : ve 
Fut O O O- — — 
S =o 
= MICROEMULSION sScp O 
S 4icp : % 
23cp 
2 0. 60 12¢p 
¥ O 2cp 
2 4cp 
= “= Scp 
=) iscp 
$ 0. 40 8cp 
Ww BRINE 
o 
a 
3 i2cp 
0. 20 
e 
O 385cp MIDPOINT SALINITY 
Jeu 
fe) 
fe) 10 20 30 40 50 


VALUE OF X IN BLEND: 30% OIL /X% SDSW/ (70-X)% CHEMICAL SLUG 


COMPOSITION OF 


MICROEMULSION l | l l l | 
x SURF: G10) tO] 23527 a 34 
z= BRINE: °84 582" 76s 4? 235 Foe sy 
% OIL: 7) 8 14. 30 -38 47 49 


bead Waceet | | | 


Fig. 4. Phase Volume Diagram for the chemical slug: 10.0%w Petro- 
step 450, 90.0Zw (3.0%v SDSW) brine, 1300 ppm Kelzan MF 
biopolymer. 


Returning to Figure 3, which relates to the mixing zone of the 
chemical flood with oil in the core, described in the previous sec- 
tion and in Figure 2, we see that at the leading edge of the mixing 
zone (the right side of the Phase Volume Diagram) the surfactant-— 
rich phases are considerably more viscous than the excess brine and 
excess oil phases with which they are in equilibrium. Consequently, 
the excess brine and excess oil phases tend to flow through the 
rock faster than the surfactant-rich phases. 


As a lagging surfactant-rich phase is overtaken by less saline 
brine, oil and less viscous surfactant-rich phases coming up from 
the rear, it re-equilibrates to form.a larger, less viscous, 
surfactant-rich phase. But even that phase is more viscous than 
the excess brine and excess oil with which it is in equilibriun, 
so the entire process of surfactant lag and re-equilibration is 
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tepeated. In actuality, of course, this process of equilibrium and 
separation due to mobility differences among equilibrium phases 
takes place continuously throughout the mixing zone rather than in 
steps as described here for illustrative Purposes. The overall 
result is a sharpening of the surfactant fromt—the flow of surf- 
actant in the leading edge of the front mizing zone is retarded 
more than flow of surfact4nt further back in that mixing zone when 
the formation brine is more saline than the chemical slug. 


Retardation of surfactant flow in the mixing zone shows up in 
four ways in the chemical flood under discussion. Three of the 
four are evident in Figure 2. First, there is the 11 percent pore 
volume lag of the surfactant behind the brine which was injected 
concurrently when only a five percent pore volume lag would be 
amticipated from surfactant adsorption in the absence of oil. 
Second, is the steepness with which surfactant concentration rises 
once surfactant finally breaks through, i-.e., a very sharp surf- 
actant front. Third, is the fact that average surfactant concen— 
tration in the total effluent liquids rises above surfactant 
concentration in the chemical slug shortly after surfactant break- 
through. Enough of the most retarded surfactant is coming out of 
the core at the same time as surfactant which has been retarded 
less to raise C/C° above unity. Fourth, is the evidence presented 
in Table 1. Notice how closely the composition and viscosity of 
the surfactant-rich phases produced at 1.09, 1.17 and 1.24 pore 
volumes of chemical slug injected match those properties of the 
surfactant-rich, middle phase formed when the chemical slug is 
equilibrated with oil (X=0 in Figure 3). Apparently, the 
surfactant-rich, microemulsion phases, which form temporarily in 
what would be the leading edge of the mixing zone, lag and re- 
eguilibrate to such an extent that little surfactant leaves the 
core accompanied by brine of salinity much higher than the salinity 
of the chemical slug. 


In Situ Preflood 


An interesting consequence of surfactant moving through the 
core more slowly than the brine with which it is injected, when 
the salinity of the formation brine is higher than the salinity of 
the chemical slug, is that the brine of the chemical slug in 
effect conducts a small in situ preflood. When that condition 
exists, the salinity of the formation brine has little effect on 
the amount of oil recovered by the chemical flood. 

For example, we conducted two laboratory chemical floods with 
12 percent pore volume chemical slugs of the same composition as 
the continuous chemical slug used in the floods discussed above. 
Both chemical slugs were made up in 33 percent SDSW. Both drives 
were 10 percent SDSW thickened with Kelzan biopolymer to 31 centi- 
poises at 168°F and 7.3 sec-l. Ail other conditions were the same 
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except that the formation brine was 100 percent SDSW in one flood 
and 20 percent SDSW in the other flood. In spite of this large 
salinity difference in the formation brines, residual oil satura- 
tion after chemical flooding was seven percent pore volume in both 
floods. Thus, a five-fold difference in salinity of the formation 
brine made no difference in the effectiveness of the chemical flood! 


Consistent with the phase equilibrium concept discussed in 
this section, there was a considerable difference in the time at 
which surfactant concentration peaked in the effluent liquids from 
those two chemical floods. Surfactant lag, brought about by the 
high salinity formation brine in the one flood, caused surfactant 
concentration in the effluent liquids to peak about 15 percent pore 
volume later in the flood with 100 percent SDSW formation brine 
than in the flood with 20 percent SDSW formation brine. 


Finite Chemical Slug--Salinity Requirement Diagrams 


While some understanding of the mechanisms of chemical flooding 
can be obtained from floods with continuous chemical slugs, real 
chemical floods must be conducted for economic reasons with chemical 
slugs of finite volume. Usually, that volume is on the order of 10 
percent pore volume. Early in the life of a flood with a finite 
chemical slug, the important regions can be described as front 
mixing zone, full-strength chemical slug, and rear mixing zone. At 
that early stage, useful Phase Volume Diagrams can be constructed 
for the front and rear mixing zones independently. However, the 
front and rear mixing zones of these small chemical slugs overlap 
quickly. After that time, the chemical slug, as injected or even 
as equilibrated with oil, exists nowhere in the core. We find that 
another expression of equilibrium phase volumes, which we call a 
"Salinity Requirement Diagram", is a powerful tool for correlating, 
understanding and predicting the performance of chemical flooding 
systems. 


Salinity Requirement Diagrams 


The concept of local phase equilibrium within a reservoir 
under chemical flood with fractional flow of each phase governed 
by its fractional mobility and saturation, is well supported by 
evidence from laboratory chemical floods. Some of that evidence 
is presented in this paper and in Reference (1). To the extent 
that this concept represents actuality, we could predict the course 
of a chemical flood from starting compositions of the rock (for ion 
exchange and mineral dissolution characteristics), oil, formation 
brine, chemical slug and drive--if we had phase volume and mobility 
data on all phases which would form during the flood. 
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The amount of laboratory work required to collect such data is 
prohibitive; however, the data-collecting effort can be reduced by 
representing the multicomponent chemical flooding systems by three 
pseudo components. The attendant loss of precision depends upon 
the particular chemical flooding system. Still less laboratory 
data is required, and still less precision is attained, from what 
we call a "Salinity Requirement Diagram"'. As described below, 
Salinity Requirement Diagrams are constructed from "single point" 
pseudo phase diagrams. In spite of their approximate nature, 
Salinity Requirement Diagrams still relate to actual phases formed 
during a chemical flood; and, because of that, they are a particu- 
larly useful tool for understanding and predicting the performance 
of chemical flooding systems. 


Figure 5 is reproduced from Reference (1). It shows schematic 
pseudo phase diagrams for Type II(-), Type III and Type II(+) phase 
environments and the phase volume relationships which would be ob- 
served in laboratory sample tubes for each type of phase environ- 
ment at the same overall surfactant-—brine-oil content represented 
by the black point. The significance of these phase environment 
types in chemical flooding is discussed and illustrated in detail 
in Reference (1). For our present purpose it is sufficient to 
know that one of our objectives in designing a chemical flooding 
system is to keep most of the surfactant in the Type III phase 
environment for as long as possible during the flood, and to rec- 
ognize that phase volumes and compositions obtained from a single, 
well-chosen, overall surfactant-brine-oil composition usually will 
reyeal unambiguously the phase environment type. The black point 
in Figure 5 illustrates the latter point. An overall composition 
of 10 percent surfactant, 60 percent brine and 30 percent oil 
equilihrates to give microemulsion with excess oil for Type II(-), 
microemulsion with excess oil and excess brine for Type III, and 
microemulsion with excess brine for Type II(+). Since all phase 
environments are single-phase at high surfactant concentrations, 
the overall composition point for determining phase environment 
type from a single point should lie fairly close to the brine-oil 
base of the ternary diagram. Furthermore, since we rarely use more 
than 10 percent of surfactant in a chemical slug, phase behavior at 
low surfactant concentrations relates better to actual chemical 
flooding systems. 


Regarding the best brine-oil ratio to use, i.e., the horizontal 
location of the overall composition point, we have two logical 
choices. Setting the overall composition point in the middle of the 
diagram (brine volume equals oil volume) gives phase volumes which 
are easiest to interpret. With that overall composition point the 
changes are greatest that a Type III system will equilibrate as 
three phases. Setting the brine-oil ratio to either side of unity 
increases the changes of a Type III system falling within one of 
the two-phase nodes. While we usually can tell from the higher 
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Fig. 5. Ternary representation of phase relationships 


degree of phase swelling whether a system is in a two-phase node 
of a Type III phase environment or in the corresponding Type II 


phase environment, there is less uncertainty when three phases 
appear. 


On the other hand, a brine-oil ratio of unity does not cor-- 
respond well to conditions in the region behind the clean oil bank 
where the surfactants of a chemical flood travel. There the brine- 
oil ratio is considerably greater than unity. To work at an 
overall composition point closer to actual surfactant-brine-oil 
compositions which occur in a reservoir under chemical flood, we 
have fixed the brine content of the overall composition point of 
our single-point phase diagrams at 80 volume percent. 


As discussed in Reference (1), any change in a surfactant- 
brine-oil system which increases solubility of the surfactant in 
the oil relative to the brine shifts the phase environment in the 
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direction: II(-) to III to II(+). If all other variables which 
affect surfactant solubility are held constant, increasing the 
salinity of the brine shifts the phase environment in that same 
direction. For example, the system, 2.0 volume percent of the 
80/20, Petrostep 450/NEODOL 25-3S surfactant blend, 80 volume per- 
cent brine and 18 volume percent oil, at 168°F is of type II(-) 
when the brine contains less than about 4.3 weight percent of 
sodium chloride in distilled water, Type III when the brine con- 
tains from about 4.3 to about 16 percent of sodium chloride and 


Type II(+) when the brine contains more than about 16 percent of 
sodium chloride. 


Healy and Reed (10) found (and others (11) have confirmed) 
that when the salinity of the brine is such that a Type III phase 
enyironment is formed in which the microemulsion (middle) phase 
contains equal volumes of brine and oil, the microemulsion/excess 
oil and microemulsion/excess brine interfacial tensions are nearly 
equal, the sum of those interfacial tensions is at or close to 
minimum and oil recovery efficiency is at or close to maximum. 
That "midpoint salinity" for the chemical flooding system under 
discussion occurs at 7.4 weight percent sodium chloride in dis- 
tilled water when there is 2.0 volume percent of the surfactant 
blend in the system. 


If the three pseudo components (surfactant, brine and oil) 
truly behaved as single components, changing the concentration of 
surfactant in the system would not change the midpoint salinity. 
(Again, the midpoint salinity is that level of brine salinity which 
causes the “inyariant point" of the Type III phase diagram to be on 
the line which bisects the ternary diagram and passes through the 
surfactant apex, i.e., the line on which oil volume equals brine 
volume.) In reality, however, changing the surfactant concentra- 
tion does change the midpoint salinity to some extent. With five 
percent surfactant in the system, midpoint salinity is at 8.6 per- 
cent of sodium chloride in the brine; with 0.8 percent surfactant 
in the system, midpoint salinity is at 6.8 percent sodium chloride 
in the brine. 


This is the type of information that is presented in a Salinity 
Requirement Diagram. Figure 6 is the Salinity Requirement Diagram 
for the system under discussion. The vertical bars show, as a 
function of overall surfactant concentration, the range of brine 
salinity oyer which the system is in a Type III phase environment 
(although not necessarily three phases). The position of the circle 
on the bar indicates midpoint salinity at that overall surfactant 
concentration. Optimal salinity for oil-displacement efficiency 
should be close to that level of salinity. The number within the 
circle is the volume fraction of surfactant in the "invariant" 
phase at midpoint salinity. Healy and Reed (12) found lower micro- 
emulsion/excess brine and microemulsion/excess oil interfacial 
tensions for systems in which the volume fraction of surfactant in 
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Fig. 6. Salinity Requirement Diagram for 80/20, Petrostep 450/ 
NEODOL 25-3S, surfactant blend with sodium chloride 
brines, 


the "invariant", microemulsion phase at midpoint salinity was low. 
Intuitively, it is reasonable that the more brine and oil the micro- 
emulsion contains, the lower should be the interfacial tensions 
between that microemulsion and excess brine and excess oil. 


If the overall composition point lies in the single-phase 
region or in one of the two-phase regions (nodes) of the phase 
diagram at midpoint salinity, the position of the "invariant" 
point has to be estimated. The higher the overall surfactant 
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concentration and the better the surfactant system with regard to 
producing low interfacial tensions at midpoint salinity (i.e., the 
closer the "invariant" point to the Brine-Oil base of the ternary 
diagram), the less likely it is that we will see a three-phase 
system at midpoint salinity. In fact, any time the "invariant" 
point lies below either a line drawn from the Brine apex through 
the overall composition point or a line drawn from the Oil apex 
through the overall composition point only one phase or two equi- 
librium phases will appear ideally in a Type III phase environment. 
It sometimes is a point of confusion that in a chemical flood we 
want to maximize the amount of time the surfactants spend in a Type 
III phase environment, but we seek surfactant-brine-oil systems the 
phase diagrams of which exhibit minimum three-phase regions! 


The surfactant-brine-oil, pseudo three-component, phase diagram, 
as presented in References (1) and (10), allows only one microemul- 
sion phase to be present at a time. Occasionally, in preparing 
Salinity Requirement. Diagrams we see systems in which two micro- 
emulsions apparently are in equilibrium. Invariably, this occurs 
near the II(-)/III or III/II(+) transition regions, that is, when 
the “inyariant" point is far to the left or far to the right on 
the phase diagram. Consequently, such deviations from simple 
pseudo ternary representation do not interfere with our ability to 
determine the optimal (midpoint) salinity ("invariant" point in the 
center of the ternary diagram). Although a more complex ternary 
representation appears unnecessary when constructing Salinity 
Requirement Diagrams for screening chemical flooding formulations, 
such a representation may improve our ability to model chemical 
floods mathematically. 


Relative Effectiveness of Multivalent Cations and Monovalent 
Cations in Changing Phase Behavior 


Figure 6 shows a 21 percent decrease in optimal salinity (as 
measured by midpoint salinity) when surfactant concentration is 
lowered from 5.0 to 0.8 percent. A decrease of that magnitude is 
typical for systems in which the brine contains only monovalent 
cations. When the brine contains multivalent cations, such as 
SDSW and most real reservoir brines, optimal salinity is consider- 
ably more sensitive to surfactant concentration. Figure 7 is the 
Salinity Requirement Diagram for the same 80/20, Petrostep 450/ 
NEODOL 25-3S, system we have been discussing, but with SDSW in 
distilled water rather than sodium chloride in distilled water 
brines. The figure shows that with SDSW as the source of salinity 
optimal salinity decreases by 64 percent, as compared to 21 per- 
cent, when surfactant concentration is lowered from 5.0 to 0.8 
percent. 


Comparing midpoint salinities in Figures 6 and 7, we see that 
at 168°F with 80 volume percent brine, 15 volume percent of the 
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Fig. 7. Salinity Requirement Diagram for 80/20, Petrostep 450/ 
NEODOL 25-3S, surfactant blend with SDSW brines. 


particular oil and 5 volume percent of the particular surfactant 
blend in the system, an 8.6 percent sodium chloride brine is equiv- 
alent to a 55 percent SDSW brine. Now, an 8.6 percent sodium 

chloride brine contains 1.47 moles/kg of sodium ions; a 55 percent 
brine contains 1.03 moles/kg of sodium ions and 0.052 moles/kg of 
multivalent cations. Thus, with 5.0 percent surfactant in the 

system and 1.03 moles/kg of sodium in the brine, 0.052 moles/kg of 
calcium, magnesium, barium and strontium ions, as present in SDSW, 


affects phase behavior to the same extent as 0.44 moles/kg of 
additional sodium ion. 
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By the same procedure we find that with 2.0 percent surfactant 
in the system and 0.69 moles/kg of sodium in the brine, 0.035 moles/ 
kg of SDSW multivalent cations affects phase behavior to the same 
extent as 0.57 moles/kg of additional sodium ion. And with 0.8 per- 
cent surfactant in the system and 0.37 moles/kg of sodium in the 
brine, we find that 0.019 moles/kg of SDSW multivalent cations 
affects phase behavior to the same extent as 0.79 moles/kg of ad- 
ditional sodium ion. From these numbers we present in Table 2 
relative effectiveness of the divalent ions in SDSW to sodium ions 
in changing phase behavior of the surfactant-brine-oil system 
under discussion as a function of overall surfactant concentration 
in the system. 


Table 2. Relative Effectiveness of M*? and Nat in Changing Phase 


Behavior. 
Percent Surfactant Moles of M't to Moles of Nat 
in the System Effectiveness Ratio 
Jal 9D 
20 16 
On0 42 


It is apparent from the table that the phase behavior of the 
system under discussion is much more sensitive to the multivalent 
cation concentration at low surfactant concentrations than at high 
surfactant concentrations. This means that the exact ionic com- 
position of the brine in the surfactant bank is more critical near 
the end of a chemical flood than it is in the beginning. It means 
also that the effect of ion exchange on the phase behavior and, 
hence, on the oil displacing activity of the surfactant-brine-oil 
system becomes more pronounced as the chemical flood proceeds. 


Absolute values of Mtt/Nat effectiveness and the dependency of 
those values on surfactant concentration depend upon the particular 
surfactant or surfactant blend. For example, for Petrostep 450 
alone in the same system as the 80/20, Petrostep 450/NEODOL 25-35, 
blend we have been discussing, the M*++/Nat effectiveness ratio 
rises from 21 to 67 as the surfactant concentration is lowered 
from 5.0 to 2.0 percent. On the other hand, judging from how 
"flat" its Salinity Requirement Diagram is, the Mtt/Nat effective- 
ness ratio for NEODOL 25-3S by itself does not change much with 
surfactant concentration. (The midpoint salinity of NEODOL 25-3S 
drops only 11 percent, from 185 percent to 165 percent SDSW, as 
its concentration in the subject system is decreased from 5.0 to 


0.8 percent.) 
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The "steepness" of a Salinity Requirement Diagram indicates 
how rapidly the M++/Nat+ effectiveness ratio changes with surfactant 
concentration. If that ratio did not change at all with surfactant 
concentration, Salinity Requirement Diagrams made with multivalent 
cations in the brine would parallel the "flat" diagrams, such as 
Figure 6, found when the only cations in the brine are sodium. 


The greater effectiveness of multivalent cations as compared 
to monovalent cations in changing phase behavior has been recog- 
nized recently in the literature. Fleming, et al. (7), report a 
calcium to sodium effectiveness ratio of 14 and a magnesium to 
sodium effectiveness ratio of 16 for North Burbank crude oil and 
a surfactant system composed of 5.0 percent Petronate TRS 10B and 
3.0 percent isobutyl alcohol. That paper does not indicate whether 
the ratios were determined at other surfactant concentrations. 


Salinity Requirement Diagrams for Various Organic Sulfonates 


Considerable differences exist in Salinity Requirement Dia- 
grams of various organic sulfonates. Table 3 shows midpoint 
salinities and the percent surfactant in the "invariant" micro- 
emulsion phase at midpoint salinity for three Stepan petroleum 
sulfonates. 


Witco's petroleum sulfonate, Petronate TRS 12B, is similar to 
Petrostep 465, and Witco's Petronate TRS 10B falls between Petro- 
step 465 and Petrostep 450. The Salinity Requirement Diagram of 
Amoco's (polybutene) Sulfonate 151 lies even lower than the dia- 
grams for Petrostep 465 and Petronate TRS 12B. Midpoint salinity 
for that sulfonate at 5.0 percent surfactant in the system is about 
five percent SDSW. 


Table 3 illustrates how surfactants of quite different midpoint 
salinities at high surfactant concentration can exhibit similar mid- 
point salinities at low surfactant concentration. The increase in 
slope of the Salinity Requirement Diagram in the order Petrostep 
465 < Petrostep 450 < Petrostep 420, correlates with decreasing 
average molecular weight of the petroleum sulfonate; however, we 


believe that the amount of disulfonate in those products increases 
in that same order. 


Looking at Table 3 again, one may conclude that Petrostep 420 
has a higher "salinity tolerance" than Petrostep 450 or Petrostep 
465. The expression "salinity tolerance" should be used with cau- 
tion since Petrostep 420 also has a higher "salinity requirement" 
than the other two petroleum sulfonates. For example, with 5.0 
percent petroleum sulfonate in the system and, say, 10 percent of 
SDSW in the brine, Petrostep 465 would be more active than Petro- 
step 420, because 10 percent SDSW is much closer to the midpoint 
(optimal) salinity of Petrostep 465. Furthermore, at the same 
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Table 3. Data from the Salinity Requirement Diagrams for Three 
Petroleum Sulfonates 


Optimal Salinity, e.g., % Surfactant in 
Midpoint Salinity Middle Phase at 
Percent Surfactant (Percent SDSW) Midpoint Salinity 
in System: ORS 2a 0) ORS Ziad) 5.0 
Petrostep 465 O55 DD 8.0 30 6.0 112..0 
Petrostep 450 1.0 Ya LOL - 20.0 26.0 
Petrostep 420 te On Poed 10507 3020 407.0 


concentration of surfactant in the system, Petrostep 465 probably 
is more active at its optimal salinity than Petrostep 420 is at 

its optimal salinity. We reach that conclusion from the percent 
surfactant in the middle phase at midpoint salinity. As mentioned 
earlier, interfacial tensions tend to be higher as the concentra- 
tion of surfactant in the microemulsion, "invariant" middle phase 
is higher at midpoint salinity. In general, the higher the salin- 
ity requirement of a surfactant system the higher is the concentra- 
tion of surfactant in the microemulsion phase at midpoint salinity. 
One criterion in seeking better surfactant systems for chemical 
flooding is high salinity requirement concurrent with low surfact- 
ant concentration in the microemulsion phase at midpoint salinity. 


The Utility of Salinity Requirement Diagrams 


As an example of the utility of Salinity Requirement Diagrams 
in understanding and explaining the results of chemical floods, we 
choose a set of four laboratory floods in which only the salinity 
of the polymer drive was varied. Experimental conditions for the 
set were as described in the Experimental section except that the 
chemical slug was 5.45 weight percent Petrostep 450, 1.56 weight 
percent NEODOL 25-3S and 0.78 weight percent isobutyl alcohol in 
a brine composed of 36.2 volume percent of SDSW in distilled water. 
Five hundred parts per million of Kelzan MF biopolymer were added 
to provide mobility control. 


The Salinity Requirement Diagram for this 70/20/10, Petrostep 
450/NEODOL 25-3S/IBA, system is almost identical to the diagram 
for the 80/20, Petrostep 450/NEODOL 25-3S, system we have been 
discussing. (The two systems perform equally well under the same 
conditions.) In drawing the Salinity Requirement Diagram for the 
70/20/10 system, Figure 8, we have used midpoint salinity and 
Type III range determined at 0.8, 2.0 and 5.0 percent surfactant 
concentration as before. Within the shaded region the phase 
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Fig. 8. Surfactant concentration versus salinity superimposed upon 
Salinity Requirement Diagram for 70/20/10, Petrostep 450/ 
NEODOL 25-3S/isobutyl alcohol, blend. 


environment of the system is Type III. Above the Type III region 
the phase environment is Type II(+). Below the Type III region 
the phase environment is Type II(-). The light band near the 
center of the Type III region indicates midpoint salinity near 
which, we repeat, oil-displacing activity is optimal. Numbers 
within the light band indicate volume percent of surfactant in 
the middle phase of the Type III phase environment at midpoint 
salinity whether or not middle phases actually were observed in 
the sample tubes used to generate the phase volume data from which 
the Salinity Requirement Diagram was constructed. As mentioned . 
previously, middle phase/excess brine and middle phase/excess oil 
interfacial tensions tend to be lower the lower the percent of 
surfactant in the middle phase at midpoint salinity. 


Superimposed on the Salinity Requirement Diagram of Figure 8 
are data relevant to the set of four chemical floods. In each 
flood the formation brine was 100 percent SDSW; no preflood was 
used. The 12 percent pore volume chemical slug used in each flood 
was of the composition shown in the figure after, in effect, mixing 
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the chemical slug with enough oil to comply with the requirement 
that all points on the Salinity Requirement Diagram represent over- 
all surfactant-brine-oil combinations in which the brine component 
is 80 percent of the total. (The chemical slug is 7.5 volume per- 
cent surfactant and 92.5 volume percent brine. Adding 15.6 volume 
percent of oil brings the overall composition to 6.5 percent surf- 
actant, 80.0 percent briné and 13.5 percent oil.) 


The only deliberate difference among the four chemical floods 
was the salinity of the biopolymer drives. As indicated by the 
arrows in Figure 8, the drive brines contained 5, 16, 32 and 45 
volume percent SDSW. 


Oil recovery efficiency for each chemical flood, expressed as 
percent pore volume of oil produced by the flood, is indicated by 
the number of the left of each arrow. That is, the percent pore 
volumes of oil produced by the chemical floods were 29, 28, 24, 
and 12 for the floods with drives containing 5, 16, 32 and 45 per- 
cent SDSW respectively. The average waterflood residual oil satu- 
ration, before the chemical flood, in these experiments was 31.9 
percent pore volume. 


The dashed lines in Figure 8 represent the approximate rela- 
tionship between surfactant concentration and salinity early in 
each chemical flood. Before the front mixing zone (chemical slug 
mixing with oil and formation brine) and the rear mixing zone 
(chemical slug mixing with oil and drive) begin to overlap, surf- 
actant concentration as a function of salinity in the front mixing 
zone was the same for the four chemical floods. That relationship 
is approximated by the dashed line between 100 percent SDSW and 
the composition point for the chemical slug. Similarly, before 
the front mixing zone and the rear mixing zone begin to overlap, 
surfactant concentration as a function of salinity in each rear 
mixing zone is approximated by the dashed line between the compo- 
sition point for the chemical slug and the point on the ordinate 
corresponding to the percent SDSW in the drive for each flood. 


Once the front and rear mixing zones begin to overlap, chemi- 
cal slug, as such, no longer exists anywhere in the core. The 
surfactant concentration versus salinity curve rises from zero near 
100 percent formation brine to a maximum to the left of the compo- 
sition point for the chemical slug, then falls back to zero at the 
salinity of the drive. The dotted curve in Figure 8 illustrates 
the general shape of such a surfactant concentration versus salinity 
curve some time after overlap of the mixing zones in the chemical 
flood with five percent SDSW in the drive. The exact surfactant 
concentration versus salinity curve cannot be determined experi- 
mentally without disturbing the flood. Such curves can be esti- 
mated, however, by mathematical representations of the model (4,5). 
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Surfactant concentration versus salinity can be measured in 
the effluent liquids without disturbing the chemical flood. The 
two types of curves--one, observing at many points along the core 
at a single point in time; the other, observing at a single point 
along the core (the outflow end) as time passes-~are similar in 
shape. The solid curves in Figure 8 depict surfactant concentra- 
tion versus salinity relationships measured in the effluent liquids 
of the four chemical floods. 


Two features of these effluent liquid curves are apparent. 
One is that the salinity at which the surfactant concentration is 
maximum is higher than the salinity of the drive. The other is 
that the total amount of surfactant produced in the effluent 
liquids, which is related to the area under the surfactant concen- 
tration versus salinity curve, decreases as the salinity of the 
drive is increased. The percent of injected surfactant retained 
by the core was 46, 69, 82 and 98 for the floods with drive salin- 
ities of 5, 16, 32, and 45 percent SDSW respectively. 


While some of this increase in retention of surfactant with 
increasing salinity of the drive may be due to increased adsorption 
of surfactant on the rock, we believe that most of it is caused by 
increased trapping of surfactant-rich phases. Figure 8 shows that 
the higher the salinity of the drive in the four floods the greater 
was the fraction of surfactant exposed to a Type II(+) phase en- 
vironment. In the two-phase region of the Type II(+) phase envi- 
ronment, the surfactant-rich phase is in equilibrium with an "excess 
brine" phase. As discussed earlier in this paper, the less mobile 
surfactant-rich (microemulsion) phase usually moves more slowly 
through the core than the excess brine phase. Furthermore, inter- 
facial tensions, except near the plait point, usually are not as 
low in the Type II(+) phase environment as in the Type III phase 
environment. Consequently, surfactant-rich, microemulsion phases 
can become trapped in the rock during a chemical flood much like 
oil is trapped in a rock during waterflood. Surfactant-rich phase 
trapping is most pronounced when Type II(+) conditions exist in 
the rear mixing zone; and the more surfactant exposed to Type II(+) 
conditions in the rear mixing zone, the more surfactant is retained 
by the core by trapping. Surfactant-rich phase trapping is one of 
the subjects discussed by Gupta and Trushenski (6). : 


Since the effectiveness of a chemical flood can depend so much 
on mixing between the chemical slug, oil and formation brine and 
particularly on mixing between the chemical slug, oil and drive 
brine, results from floods with large pore volume or continuous 
chemical slugs must be used cautiously in designing chemical flood- 
ing systems. Optimal salinity for a small pore volume chemical 
slug is not the same as optimal salinity for a continuous chemical 


slug, especially when the brines involved in the system contain 
muitivalent cations. 
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It is apparent from results such as these that chemical flood- 
ing effectiveness cannot be predicted by screening methods which 
examine the isolated chemical slug or even the chemical slug 
in contact with the oil it is intended to recover. Conditions to 
which the surfactants will be exposed inside the rock, as they mix 
with oil, formation brine and drive, as their concentration is 
reduced by adsorption and-dispersion, and as they are affected by 
ion exchange, must be considered. Properties of the full-strength 
chemical slug or properties of that slug in contact with oil reveal, 
at best, a potential for oil-displacement activity. That potential 
may or may not be realized depending upon the brine the chemical 
slug must face in the formation and particularly upon the drive 
that will follow the chemical slug into the formation. 


Ion Exchange 


Figure 8 shows that all of the surfactant produced in the 
flood with 32 percent SDSW in the drive was in brine which, ac- 
cording to the Salinity Requirement Diagram, was saline enough to 
promote Type II(+) behavior. Nevertheless, oil desaturation by 
the chemical flood remained moderately high at 24 percent pore 
volume. One reason for the moderately good performance of that 
chemical flood is that, although the surfactant was above optimal 
salinity at the end of the flood, considerable surfactant did 
travel near optimal salinity for much of the flood. (Visualize 
the surfactant concentration versus salinity curve as it changed 
during the flood from the two dashed lines representing conditions 
early in the flood to the measured conditions in the effluent 
liquids.) Another reason is that all of these floods were run 
under conditions of "favorable" ion exchange. 


The possible effects on chemical flooding performance of cation 
exchange between clays equilibrated against a formation brine and 
brines introduced into the reservoir as prefloods, chemical slugs 
and drives have been researched and reported by others (13-15). We 
define here as "favorable" those conditions which cause reservoir 
clays to replace multivalent cations with monovalent cations in the 
region in which the surfactant is traveling, that is, conditions 
which cause the brine in the surfactant bank to be "softened" par- 
tially by ion exchange with the reservoir clays. 


Conducting a chemical flood with a salinity gradient which 
decreases from formation brine to chemical slug to drive provides 
favorable ion exchange if the only source of salinity in the chemi- 
cal slug and drive is formation brine. In most of the chemical 
floods discussed in this paper the formation brine was 100 percent 
SDSW and smaller amounts of that same brine were used to provide 
salinity to the chemical slug and drive. In that situation, ion 
exchange is favorable in all mixing zones. Recalling, from the 
previous section that the relative effectiveness of multivalent 
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cations and monovalent cations in changing phase behavior increases 
with decreasing surfactant concentration, it is apparent that the 
effect of favorable ion exchange will be more pronounced at low 
surfactant concentrations than at high surfactant concentrations. 
In other words, favorable ion exchange will tend to flatten the 
salinity requirement versus surfactant concentration curve by 
raising that curve on the low surfactant concentration side of the 
Salinity Requirement Diagram. This effect of favorable ion ex- 
change--a slight raising at low surfactant concentration of the 
active region in a Salinity Requirement Diagram--may be responsible 
in part for the moderately good oil recovery indicated in Figure 8 
for the chemical flood in which the drive contained 32 percent SDSW. 


CONCLUSIONS 


Additional experimental evidence continues to support the idea 
that local phase equilibrium is approached closely in a sandstone 
core under chemical flood at flow rates comparable to flow rates in 
the field. Since phases formed inside the core are not generally 
of equal mobility, components of the chemical slug may separate 
during a chemical flood if they partition differently among the 
phases. 


When flooding with a continuous chemical slug or early in a 
flood with a small, finite volume chemical slug, Phase Volume Dia- 
grams provide useful information regarding the mixing zones. Phase 
Volume Diagrams are generated by equilibrating chemical slug, brine 
and oil at different chemical slug to brine ratios. For the front 
mixing zone, the brine is formation or waterflood brine; for the 
rear mixing zone, the brine is drive. 


After the front and rear mixing zones overlap, Salinity 
Requirement Diagrams provide the pertinent information. Salinity 
Requirement Diagrams, constructed from single-point phase diagrams, 
approximate the dependence on surfactant concentration of phase 
environment type and optimal salinity for oil displacement. When 
the brines contain multivalent cations, optimal salinity for most 
surfactant systems is a direct function of surfactant concentra- 
tion. That is, the optimal salinity for oil displacement is lower 
at low surfactant concentrations than it is at high surfactant 
concentrations. Because of that, optimal salinity for most chemi- 
cal flooding surfactant systems in the presence of actual reservoir 
brines decreases during the course of the chemical flood. One 
reason for conducting a chemical flood in a salinity gradient is 
to keep the surfactants at optimal salinity as their concentration 
is reduced by adsorption and dispersion during the flood. 
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Another reason for conducting a chemical flood in a salinity 
gradient is to establish a condition of "favorable" ion exchange, 
that is, a condition under which the reservoir clays partially 
soften the brine in the surfactant bank. Actual optimal salinity 
at low surfactant concentrations will be a little higher than that 
read from a Salinity Requirement Diagram when the reservoir clays 
are replacing multivalent “cations in the brine with monovalent 
cations in that region of the Salinity Requirement Diagram. 


Since optimal salinity in the presence of multivalent cations 
decreases as surfactant concentration decreases for most chemical 
flooding systems, laboratory chemical flooding results can be mis- 
leading if the actual reservoir brine is simulated by a brine 
containing only monovalent cations. For the same reason, equally 
misleading results can be obtained from laboratory core floods 
using continuous or large pore volume chemical slugs. 


Another consequence of optimal salinity being higher for a 
full-strength chemical slug than for the same slug at lower surf- 
actant concentrations is that a chemical flood designed with the 
salinity of the chemical slug and drive optimal for the full- 
strength chemical slug is likely to go over-optimal in use. One 
characteristic of an over-optimal chemical flood is high retention 
of surfactant by the core. 


The effectiveness of a chemical flood depends on compositions 
established in the mixing zones--particularly the rear mixing zone 
between the chemical slug and the drive--so the oil-displacing 
effectiveness of a chemical flooding system cannot be predicted by 
a screening test which involves only the chemical slug and the oil 
it is intended to displace. 
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SELECTION OF COMPONENTS FOR AN OPTIMAL 


MICELLAR SYSTEM IN RESERVOIR CONDITIONS 


A. Eisenzimmer and J-P. Desmarquest 


Institut Francais du Petrole 
1 et 4 Avenue de Bois—Préau 
92506 Rueil Malmaison, France 


A method is proposed for selecting components and their 
relative amounts in order to formulate an optimal micellar system 
between a given oil and a fixed salinity water. The method in- 
volves two separate steps: 1) selection of the cosolvent from 
partitioning between oil and water without any surfactant and, 2) 
selection of the surfactant from ternary diagrams wherein the 
amount of the previously selected cosolvent is constant. This 
study supports the assumption of separate effects for the surfact-— 
ant and the cosolvent in micellar systems. 


INTRODUCTION 


Since selection of components for application to actual re- 
servoir conditions is concerned in this study, we have to consider 
that: 


1. Oil composition, brine salinity and composition, and 
temperature are fixed. 


2. Several criteria usually conflicting one with the other 
have to be taken into account to get an optimal micellar system 
suitable for injection and flooding. 


The first step in selecting an optimal micellar system for 
any field application is to define a complete one-phase microemul- 
sion without any oil or water phase separation, whose viscosity is 
in the range of the equivalent viscosity of the oil-bank, and which 
can be prepared from a minimum amount of surfactant, corresponding 
to the smallest multiphase area in phase diagrams or to the highest 
solubilization parameters. Such a system involves a surfactant 
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and a cosurfactant or more exactly a cosolvent which is usually an 
alcohol. 


The influence of alcohols on phase behavior is known as mainly 
effective inside phases (1-3), for instance, by changing the op- 
timal salinity for a given oil-surfactant system (4-6) or the 
surfactant partitioning between the oil and brine (7-9). There- 
fore, it becomes convenient to look at the problem in two separate 
steps: 


1) selection of the cosolvent by observing partitioning of 
the cosolvent between oil and brine at the reservoir temperature 
without any added surfactant. 


2) selection of the surfactant by determining the solubiliza- 
tion parameters of the total system, oil, brine, the selected co- 
solvent, and various surfactants. 


EXPERIMENTAL 


The oil-brine-surfactant system is composed of Ci9 C14 paraf- 
finic oil-cut, 0.5% NaCl solution and TRS 10-80 (average M.W. = 
405) alone or in mixture with a heavier petroleum sulfonate, 
Gerland S85 (average M.W. = 495) in order to adjust the average 
M.W. to a definite value. The cosolvents considered here are 
alcohols of low molecular weight (Cy to C6) from the normal and 
iso-series, whose partitioning between oil and water has been 
determined by gas chromatography, after equilibration at room 
temperature. 


RESULTS 


Alcohol partitioning: When the alcohol concentration in each 
phase is plotted versus the total alcohol content of the system 


(WOR = 1), three types of partitioning behavior were observed as 
follows: 


1) the water soluble alcohols preferentially partition in 
the water-phase, irrespective of the total amount of alcohol within 
the system (Figure 1). In our studies the alcohols exhibiting 
such behavior were methanol, ethanol and propanol. 


2) the oil-soluble alcohols preferentially partition in the 
oil-phase with a saturating concentration in the water-phase 
(Figure 2). The alcohols exhibiting such behavior were pentanol 
and heavier alcohols. 


3) the intermediate alcohols which favor either the oil or 
the water-phase depending upon the total amount in the system 
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gpdl 


Ilsopropanol in each phase 


) 5 10 15 
Total isopropanol gpdl 


Fig. 1. JIsopropanol partitioning between oil and brine as a func- 
tion of concentration. 


gpdl 


lsopentanol in each phase 


(0) 5 10 15 
Total isopentanol gpdl 


Fig. 2. Isopentanol partitioning between oil and brine as a func- 
tion of concentration. 
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(Figure 3). With this type of alcohols a specific concentration 
can be determined, close to the saturation concentration of the 
water-phase for the considered salinity and temperature, for which 
the partition coefficient is one. At this point the alcohol par- 
tition does not depend on the water/oil ratio of the system (the 
corresponding tie-line in the oil-brine-alcohol diagram is hori- 
zontal) and the resulting effect on optimal salinity should be 
minimal. In our studies, this point is 6.25% butanol in oil and 
brine and we assume this composition is the most efficient one for 
practical optimization of the system. 


Surfactant optimization: Once the cosolvent type and concen- 
tration have been selected from the partition curves, the surfact- 
ant optimization can be accomplished for the total system. With 
6.25% n-butanol, complete oil and brine solubilization at WOR = 1 
(i.e. formation of a single phase microemulsion) is obtained for 
mixtures of the two surfactants with the minimum amount for the 
average molecular weight of 447 (53% TRS 10-80 and 47% Gerland 
S85). With this blend the required amount of surfactant to get a 
single phase is 6% pure sulfonate (Figure 4). The corresponding 
ternary phase diagram with a fixed amount of n-butanol exhibits 
minimum height of the binodal curve and the multiphase region of 


the diagram includes a range of middle phase compositions (Figure 
By 


gpdl 


oil 


brine 


in each phase 


Butanol 
1 


) J 10 15 
Total butanol gpdl 


Fig. 3. Butanol partitioning between oil and brine as a function 
of concentration. 
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wt % 


Required surfactant 


420 440 460 
Surfactant AMW 


Fig. 4. Required amount of surfactant for a single phase from oil- 
brine (WOR = 1) and 6.25 gpdl butanol as a function of the 
surfactant average molecular weight. 


DISCUSSION 


At this point of the study, the question is to establish 
whether the system defined this way is actually the optimal system 
and, furthermore, if it is the only feasible one. 


1) As far as pure alcohols (and not blends) are used, this 
system can be considered as the most suitable for further oil- 
recovery investigations. The following relationships between the 
butanol concentration and some important features of the system 
emphasize its practical optimization: 


la) The required amount of surfactant to completely solubilize 
oil and brine (WOR = 1) is minimum in the range just below 6.252 
butanol but increases beyond this point and also increases for very 
low alcohol content (Figure 6). This concentration very close 
to the saturation concentration of the water phase appears as an 
upper limit for the alcohol content of the oil-brine system. 


1b) The regions of various phase behavior are plotted on the 
same figure showing separate effects of the alcohol and surfactant. 
In this plane every vertical line lies in a ternary diagram with a 
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Surfactant (AMW=447) 
+6.25% butanol 


Brine ae ee Oil 


+6.25% butanol £625% butanol 


Fig. 5. Phase diagram with the selected surfactant and a constant 
amount of alcohol. 


fixed alcohol content and every inclined one in a pseudo-ternary 
diagram with constant surfactant/cosolvent ratio. This represen- 
tation provides elucidation of complex behavior usually encountered 
in such pseudo-ternary diagrams wherein both alcohol and surfactant 
are varied simultaneously. Small monophasic areas between two 
multiphase zones or three-phase lenses inside a large multiphase 
region (Figure 7) are observed in pseudo-ternary diagrams of con- 
Stant surfactant/alcohol ratios. On the other hand, it is to be 
noticed that the system we have selected here could not be re- 
presented by a similar pseudo-ternary diagram. 


lc) The plot of interfacial tension between oil and brine 
(WOR = 1) with a constant amount of 5% pure sulfonate as a function 
of the alcohol concentration (Figure 8) is very similar to the 
curve of the required amount of surfactant to form single phase 
microemulsions (Figure 6). 


ld) Viscosity of the corresponding microemulsions along the 
curve of the required amount of surfactant goes through a minimum 
(Figure 9) at a specific alcohol concentration (~ 6.25%) which is 
relevant to the mobility of the oil bank (10). 
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wt % 


2 phases 


mE-water 


Required surfactant 


2 phases 
mE- oil 


(0) 25 5 75 10 
Butanol gpdl 


Fig. 6. The effect of butanol concentration on the required amount 
of surfactant (AMW = 447) for a single phase at WOR = 1. 


2) However, from relationship of alcohol partition and satu- 
ration under given conditions, many combinations of surfactant-— 
cosolvent may lead to complete solubilization of oil and brine at 
a given WOR with the same amount of surfactant (Figure 10). 


2a) When used with small amounts of either the oil soluble 
alcohol or the water-soluble one, the surfactant blend can be ad- 
justed to an optimal average molecular weight. For instance, at 
WOR = 1, average M.W. = 430 in the presence of 1% isopentanol and 
average M.W. = 485 in the presence of 1% isopropanol. But these 
combinations are only valid for a given WOR of formulations, be- 
cause of strong effects of such cosolvents on optimal salinity 
(9), and they are usually viscous because of their low alcohol 
content. 


2b) When the surfactant is selected without any alcohol, the 
optimal average molecular weight is 455, very nearly equal to the 
one determined with the selected 6.25% n-butanol (Figures 4 and 
10). The resulting composition is highly viscous without alcohol. 


From this series of curves, a cosolvent blend can be formu- 
lated for which surfactant optimization is exactly the same as 
without any alcohol. This cosolvent blend, close to butanol with 
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Pseudo-ternary phase diagrams with various surfactant/ 
alcohol ratios. 
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0.1 


dyne/cm 


0.01 


Interfacial tension 


1@) 2.5 5 75 10 
Butanol gpdl 


Fig. 8. The effect of butanol concentration on interfacial tension 
between oil and brine in the presence of 5% pure sulfonate 
(AMW = 447). 


a small fraction of isopropanol, might have been selected from 
partition curves when investigating alcohol mixtures. It is likely 
that the resulting system would be optimal due to equal partition-— 
ing of both surfactant and cosolvent. 


CONCLUSIONS 


From many possible surfactant-alcohol combinations, selection 
of the preferred components of a micellar system for any field 
application can be conducted in two successive steps. The method 
leads to a micellar system for which the required amount of surf- 
actant, the interfacial tension for a given composition and vis- 
cosity are simultaneously minimized. 


Due to the two-step selection path, both cosolvent and surf- 
actant should be equally partitioned between oil and brine: the 
alcohol type and concentration are directly determined from par- 
titioning behavior. The optimal alcohol concentration is the one 
for which the partition coefficient is unity, and then the surf- 
actant mixture is adjusted to the total system of oil-brine- 
cosolvent. 


114 


Ise, Be 


A. EISENZIMMER AND J.-P. DESMARQUEST 
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Butanol gpdl 


The effect of butanol concentration on viscosity of the 
microemulsion with oil-brine (WOR = 1) and the required 
amount of surfactant. . 
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Fig. 10. Required amount of surfactant for a single phase from 
oil-brine (WOR = 1) and various cosolvents as a function 
of the surfactant average molecular weight. 


This study supports the assumption that the alcohol influences 
the phase behavior of oil-brine-surfactant system and its effect 
is related to the saturation concentration in the water-phase. On 
the other hand, the ternary phase diagram with a constant amount 
of the cosolvent seems to be more valuable for selecting microemul- 
sion formulations than the pseudo-ternary representation in which 
both alcohol and surfactant are varied simultaneously. 
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THE EFFECT OF SALT, ALCOHOL AND SURFACTANT 


ON OPTIMUM MIDDLE PHASE COMPOSITION 


M. Baviere,t W. H. Wade,* and R. S. Schechtert+ 


Institut Francais du Petrole B.P. 311, 92506 - Rueil- 
Malmaison (France). Departments of Chemistry* and 
Petroleum Engineering, tt The University of Texas at 
Austin, Austin, Texas 78712, U.S.A. 


In this work, salt, alcohol and surfactant effects are in- 
vestigated, at different water-to-oil ratios to determine their 
influence on phase behavior. A linear relationship is found be- 
tween the logarithm of water-oil ratio in the middle phase and the 
salinity. Moreover, in the middle of the range of salt or alcohol 
concentration giving a three-phase system, the water-oil ratio in 
the middle phase has a value close to unity (value defined as an 
optimum), whatever the overall water-oil ratio may be. 


The alcohol concentration in the middle phase is higher than 
the value calculated according to the solubilization parameters 
and the alcohol concentration in the excess phases. This implies 
that the alcohol is involved in the interfacial structures of the 
middle phase, and is further verified by studies involving changing 
the surfactant/alcohol ratio. 


INTRODUCTION 


The formulation of a chemical slug for a micellar-polymer oil 
recovery process requires an understanding of the surfactant-brine- 
crude oil phase behavior. It has been established that the most 
efficient formulations are those which solubilize the greatest 
volume of oil and water per unit quantity of surfactant and exhibit 
low interfacial tensions with excess oil and water. The phase 
diagram of such formulations generally includes an area containing 
three-phase systems, systems of type III according to Winsor's 
notation (1). 
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The rules for selecting components to obtain this phase behav- 
ior has been described in several publications (2,3). But there 
is no extensive study of the exact evolution of the phase composi- 
tion in a multiphase system containing brine, hydrocarbon, surf- 
actant and alcohol when the parameters are varied. 


In this investigation we determined the composition of each 
phase during the I*III-II transitions obtained by salinity, alcohol, 
surfactant and water-to-oil volume ratio (WOR) scans. In this way, 
the "quality" of the middle phase was characterized with regard to 
solubilization parameter, water-to-oil and surfactant-to-alcohol 
ratios. 


In addition, it will be shown that a composition change in a 
given system may greatly change the phase compositions, namely that 
of the middle phase. So, to obtain information on interfacial and 
structural effects, it is necessary to compare different composi- 
tions under such conditions that the type of the system is always 
the same. Here we chose the symmetrical type III as the reference 
state which meaus that the middle phase exhibits a water-to-oil 
ratio (WORwp ) equal to one. This kind of system, at least when 
sulfonates are used, corresponds from an interfacial and phase 
behavior point of view to the optimum conditions for the oil recov- 
ery process, i.e. lowest interfacial tension and high solubiliza-— 
tion parameters for water and oil. 


Changes in the composition of the micellar slug occur in 
porous media, especially because of dilution by both brine and oil 
and the adsorption of surfactant on the rock and for this reason 
evolution of the optimum state is of practical importance. 


EXPERIMENTAL 


Materials: Alcohols and normal octane were supplied by Fisher 
Scientific Company and Phillips Petroleum Company, respectively, 
and were 99+ mole % purity. One surfactant used was a synthetic 
sodium dodecyl orthoxylene sulfonate provided by Exxon Chemical 
Company. After deoiling, the product is a light beige crystal. 

In addition a deoiled petroleum sulfonate, TRS 10-80, supplied by 
Witco Chemical Company and a monoisomeric species, sodium 4 phenyl- 
dodecyl sulfonate (99.5 mole % purity) synthesized in our labora- 
tory were studied. 


Methods: The approach was to study multiphase systems con- 
taining brine (water and NaCl), hydrocarbon, alcohol and sulfonate, 
in which one parameter was varied in order to produce the I>III>-II 
transitions. All the mixtures had a volume of 10 ml and were 
gently shaken several times and allowed to equilibrate, at 29°C for 
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at least 12 hours until stable phase volumes and clear phases were 
obtained. Then the volumes were measured (the error in assuming 
volume additivity was less than 0.5%) and each phase separated and 
analyzed. Water, n-octane and alcohols were measured by gas-solid 
chromatography (Varian 3700 Gas Chromatograph) using a Porapak S$ 
100-120 mesh. 

Because of relatively low salinity level, the salt distribu- 
tion which occurs between the aqueous phase and water in sulfonate 
rich micellar phase (4) was not taken into consideration. The 
sulfonate concentration in the sulfonate rich micellar phase was 
determined by phase volume measurement while being certain that all 
the sulfonate was in the phase. In fact, ultra-violet spectro- 
photometry results show that the sulfonate concentration in the 
excess phases is at least 100 times less than in the sulfonate rich 
micellar phase (5). 


RESULTS AND DISCUSSION 


The effect of salinity: Table 1 shows how the phase composi- 
tions vary when the salinity is increased in the following system: 
brine, octane (WOR = 1.1), sulfonate (1 wt %) and isopropanol (3 
Wer, Jaa bellowr2/.g/1 NaCl, the-system is of type I; Yoesa sul— 
fonate rich micellar solution in equilibrium with excess oil. By 
increasing salinity, type III systems are formed and finally, above 
38 g/1 NaCl, type II systems appear. When there is only one excess 
phase, Table 1 regards the middle phase as the sulfonate-rich 
micellar phase. Thus, at low salinities the composition of the 
micellar phase in equilibrium with an excess oil phase is tabulated 
for convenience as a middle phase in equilibrium with an upper 
phase. There is practically no variation in the compositions of 
the excess phases attending the I>III°II transitions resulting 
from increasing the electrolyte composition. Table 1 shows that 
the isopropanol concentration in the excess water and excess hy- 
drocarbon phases is essentially constant and equal, on the average 
to 7.1 and 0.15 vol %, respectively. It is also observed that the 
alcohol content of the microemulsion phase is greater than would 
be calculated assuming the alcohol to be distributed between the 
brine and hydrocarbon phases in the microemulsion in precisely the 
same proportions found in the excess phases. Thus the quantity AV 
defined as 


yeB yes 
av = vi (observed) ~ [vf [A] + vt [4] a) 
V3 Vy 


is generally found to be positive. Here Vy, Vp and Vy are the 
alcohol, brine and hydrocarbon volume fractions, respectively. 
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vae and We are the volume fractions of alcohol in excess brine 


and excess hydrocarbon, respectively. The superscript M refers to 
the microemulsion phase and E to the excess phase. 


Significantly AV tends to increase as the salinity is in- 
creased. There are several possible explanations. It has been 
shown that the micellar é€lectrolyte concentration is generally 
smaller than that of the excess aqueous phase (4) and thus the 
alcohol solubility would be expected to increase in the water rich 
regime of the micellar phase assuming, as seems reasonable, that 
essentially bulk water and hydrocarbon phases coexist in the 
micellar phase. The data shown by Tosch, Jones and Adamson (4) 
indicate that the electrolyte concentration of the micellar phase 
deviated most at about 0.35 moles/1 NajSO, from that of the aqueous 
phase and the two concentrations rapidly converged thereafter. The 
NaCl concentration of the micellar phases was not measured, but the 
differences between this and that of the excess aqueous phase is 
not expected to be large. Furthermore, small changes in the NaCl 
concentration do not change the distribution of isopropanol between 
an aqueous phase and an equilibrium octane phase in the absence of 
surfactant. 


There does appear to be a correlation between the volume frac- 
tion surfactant and the volume fraction of excess alcohol (AV). 
The ratio AV/V surfactant is almost exactly 0.1 for all experiments 
of Table 1. This would seem to imply a degree of interfacial activ- 
ity exhibited by isopropanol. Such activity should be enhanced by 
increasing the alcohol chain length, and it will be seen that this 
is the case. 


The effect of water-to-oil ratio: By increasing the overall 
water—to-oil ratio in a given system, with everything else being 
kept constant, the alcohol content in each phase can either de- 
crease or increase, depending on the alcohol distribution between 
hydrocarbon and water. If the partition coefficient, defined as 
the alcohol concentration in the oil phase divided by its concen- 
tration in the aqueous phase, is less than one, an increase in the 
WOR induces a decrease in the alcohol concentration in both phases. 
This is the case with isopropanol and the water-octane pair. This 
is pointed out elsewhere (6). 


Table 2 shows that there is a strong decrease in the alcohol 
concentration in all three phases and, at the same time, an in- 
crease in the middle phase volume--from 7 to 21 volume %--when the 
WOR is increased from 0.27 to 5.23. This result strikingly demon- 
strates an important effect of the alcohol. Decreasing the alco- 
hol content increases the solubilization parameters and the multi- 
phase zone becomes smaller. This trend has been reported by Salter 
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For the systems studied, the addition of isopropanol increases 
the optimum salinity which is defined here as that salinity for 
which the water-to-oil ratio in the middle phase is unity. Thus 
the optimum salinity for the system recorded in Table 1 is approxi- 
mately 32 g/1 NaCl. This means that the addition of isopropanol 
increases the solubility of sulfonate in the aqueous phase relative 
to the oil phase. Thus ‘by increasing the electrolyte concentration 
appropriately when adding isopropanol, its effect can be compen- 
sated thereby maintaining equal volumes of aqueous phase and hydro- 
carbon in the middle phase. 


In Figures 1, 2 and 3, the logarithms of the water-to-oil 
ratio found in the middle phase are plotted as a function of salin- 
ity. The relationship is linear in these three examples [alcohols 
are isopropanol, 2-butanol and isopentanol (3 methyl-butanol) 
respectively] for 3 WOR values: 0.27, 1.1 and 5.23. One interest- 
ing feature observed in Figures 1, 2 and 3 is that the WOR in the 
middle phase appears to be close to one when the salinity is equal 
to the average of the extreme salinities for which middle phases 
are observed, even though the overall WOR is varied over a wide 
range. This means that the definition of optimum salinity used by 
Salager (8) and Wade et al. (9) is almost equivalent to the one 
used here. 


The effect of alcohols: JI?*III-II transitions can be obtained 
by adding sufficiently high molecular weight alcohols instead of 
salt. The results in Table 3 deal with a system containing a fixed 
wt “4 of 2-butanol which has been added to speed up the coalescence 
of macroemulsions, and normal octanol of variable concentration. 


The influence of octanol on phase behavior is pronounced. An 
increase in its concentration from 0.25 to 0.40 g/100 ml is suffi- 
cient to produce the complete I-III-II transition. 


It should be noted that in alcohol scans 


- excess phase compositions do not vary to a significant 
extent even though the microemulsion composition varies 
considerably. 

- the relationship between the logarithm of WOR in the 
middle phase and alcohol concentration is linear 
(Figure 4). 

- the higher the alcohol molecular weight the stronger its 
effect (7,8). However, for molecular weights higher than 
octanol this effect levels off as far as the water-octane 
pair is concerned (Figure 5) (to be published). 

- the optimum alcohol concentration almost corresponds to 
the average of extreme values giving a three-phase system. 
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Fig. 1. Water-to-oil ratio in the middle phase as a function of 
salinity. 
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Fig. 2. Water-to-oil ratio in the middle phase as a function of 
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Fig. 4. Water-to-oil ratio in the middle phase as a function of 
overall octanol concentration. 


Perhaps these observations can be generalized to the other 
optimization parameters, i.e. sulfonate, hydrocarbon molecular 
weight and temperature. 


The decrease in the optimum octanol concentration when the 
overall WOR is increased, as shown in Table 5, requires further 
explanation. In these particular compositions, the 2-butanol and 
octanol partition coefficient between octane and water are less 
than one and greater than one, respectively. Furthermore, in- 
creasing the concentration of either 2—butanol or octanol has the 
effect of decreasing the optimum salinity. When the overall WOR. 
is increased there is less 2-butanol and more octanol in the 
middle phase. Thus if the octanol content in all the phases is 
maintained constant, then it would be necessary to increase the 
salinity to maintain the optimum formulation. Alternately, in- 
stead of increasing the salinity, the same effect can be achieved 
by increasing the octanol concentration. Since increasing WOR 
decreases the concentration of 2-butanol in the middle phase 
microemulsion, less octanol is required to maintain the optimum 
formulation. The increase in middle phase volume with increasing 
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Fig. 5. Water-to-oil ratio in the middle phase as a function of 
overall n-alcohol concentration. 


WOR is due to the decreased amounts of both 2-butanol and octanol 
used in the optimum formulation (Table 4). 


The effect of surfactants: Figure 6 shows that the micro- 
emulsion volume is proportional to the surfactant concentration as 
reported previously (8,10). However, in some cases it appears 
that the optimum salinity in a given system varies with this con- 
centration when the surfactant used is not an isomerically pure 
product. It has been pointed out, for instance, by interfacial 
tension measurements that by increasing the petroleum sulfonate 
(TRS 10-80 supplied by Witco Chemical Company) concentration, the 
preferred alkane molecular weight is decreased. This shift occurs 
apparently because there is a dependence of the mean micellar and 
monomeric molecular weights on the total surfactant concentration 
9,11) 


Thus for the sulfonate used here an increase in the sulfonate 
concentration decreases the optimum salinity (Table 5), a 17.0 g/1 
NaCl brine gives a type I system at 0.1% sulfonate, but it gives a 
type II system at 5.0% sulfonate. A salinity scan was made for 
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Table 4. Water-to-oil ratio effect’ on the optimum octanol 
concentration. The system is the same as the one 
described in Table 3. 


Overall Optimum Middle 
Water-to- Octanol Phase 
Oil Ratio Concentration Volume 

(g/100 m1) (%) 


Table 5. Sulfonate (C1 90XS0 Na) concentration effect on salinity 
range giving a three phase system. The brine-to-octane 
iefeatoy ate) Iho ik, Aalveieehaoll Conecmeczeteston sks S40 we Za 


for Middle Phase (g/1 NaCl)|} Middle Phase Vol. 


at Optimal Salinity 
(4%) 
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Fig. 6. Middle phase volume as a function of overall sulfonate 
concentration. 


several sulfonate concentrations and all the phases were analyzed 
to determine the exact composition at the optimum (WORyp = ill) 
Table 6 shows that an increase in the sulfonate concentration 
leads to: 


—- a decrease in alcohol concentration in the excess phases. 
This supports the assumption that a portion of this com- 
ponent is included in the interfacial structure. 

- a decrease in the sulfonate and alcohol concentrations in 
the middle phase. There is a small change in the sulfonate- 
to-alcohol ratio. 

- an unchanged alcohol partition coefficient between the 
excess phases. 


The shift in optimum salinity with the increase of the sul- 
fonate concentration has not been explained for sulfonate TRS 
10-80 and the sodium 4-phenyldodecyl sulfonate. The phase behavior 
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showed the following results: no shift with petroleum sulfonate 
and a very small shift with pure sulfonate (Table 7) but in an 
opposite direction to the one observed with sodium dodecyl ortho- 
xylene sulfonate. Clearly this confusing situation will require 
further investigation, but the possibility of a shifting optimum 
salinity has to be taken into account to predict phase behavior 
during the oil recovery process. 


CONCLUSIONS 


(1) During I-III-II transitions associated with a changing 
salinity or alcohol, there is practically no change in the alcohol 
distribution between the excess phases. 


(2) There is a linear relationship between the logarithm of 
the water-to-oil ratio in the middle phase and the salinity or 
alcohol concentration. 


(3) In the middle of the range of salt or alcohol concentra- 
tions giving a three-phase system, the water-to-oil ratio in the 
middle phase has a value close to one, a value defined as an 
optimum, whatever the overall water-to-oil ratio may be. 


(4) Alcohol concentration measurements reveal an involvement 


of alcohol in the interfacial structure of sulfonate-rich micellar 
phases. 


(5) Changing either the sulfonate concentration or the WOR 
may modify the phase behavior to a great extent. This limits the 
possibilities of using psuedo-ternary representation. 
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FORMATION AND PROPERTIES OF MICELLES AND MICROEMULSIONS 


He ereH eke 


Physikalisch-chemisches Institut der Universitat Basel 
Klingelbergstr. 80 
CH-4056 Basel, Switzerland 


The present view regarding the formation and properties of 
micelles in aqueous and hydrocarbon media as well as the corre- 
sponding microemulsions is discussed. Particular emphasis has 
been put on new results concerning W/O microemulsions. 


INTRODUCTION 


The opposing physical properties within typical amphiphilic 
molecules as, for example, surface active agents (surfactants), 
which are to be considered exclusively in the following, lead to 
a competitive situation between adsorption and homoassociation 
processes. Phenomenologically, the adsorption concept necessarily 
introduces a second phase (eventually in a dispersed state), i.e. 
a phase boundary where the surfactant tends to accumulate, thereby 
reducing the interfacial free energy of the system. Homoassocia- 
tion can proceed in strictly binary solutions where the molecular 
arrangement is such that the antagonistic group of the surfactant 
with respect to the solvent (dispersion medium) is shielded from 
the latter. This process, of course, is also driven by a decrease 
of the free energy of the surfactant solvent system. Generally 
speaking, the formation of a stable emulsion (understood as an ad- 
sorption process at the oil/water interphase) has to be achieved 
by a surfactant concentration smaller than the critical micelle 
concentration (cmc) (1,2) or by any critical concentration leading 
to higher organized structures (bilayers). 


The situation discussed recently in the literature (2), namely 
that a particular surfactant prefers to form micelles instead of 


being adsorbed in the interface, neglects the fact that the inter- 
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ey fo) 
- RT In Ka = nAG. 


The left hand side of this equation is the standard free energy of 
forming a micelle of size n. AGS is made up of two contributions 
corresponding to the above discussed main factors which control 
formation and size of micelles in aqueous surfactant solutions. 

It has been pointed out repeatedly, e.g. (9-11) that the degree of 
association of aqueous micelles is much larger than can be accom- 
modated by a micelle with a spherical core. Tanford reasonably 
attributes this fact to the thermodynamical requirements of the 
hydrophobic effect which forces an increase in aggregation to pre- 
vent contact between the hydrocarbon core of the micelle and the 
aqueous environment. Thus disk-like shapes have been proposed 
(9,11). Detailed considerations by Tanford (10) confirm these 
more intuitively reached conclusions. 


b) Micelles in Nonpolar Surfactant Solutions 


Apart from the lengthy dispute in the past concerning the 
existence of micelles in apolar media there was probably agreement 
as to the different interactions responsible for the stability of 
such entities. Since the apolar tails of the surfactants which 
belong to inverted (reversed) micelles stay in contact with the 
hydrocarbon solvent, there is only a small entropic effect which 
has to be considered regarding the stability of the micelles. 

This entropic contribution corresponds to the transition of a mono- 
mer from the solution to the micellar pseudo-phase (12). In addi- 
tion there might be another slight entropic effect accompanying 

the topological transformation during micelle formation in hydro- 
carbon solvents (13). 


The small effect of the solvent on the aggregational state of 
inverted micelles is best demonstrated by Fig. 2. Two surfactants, 
namely AOT (sodium-di-2-ethylhexyl sulfosuccinate) and the analo- 
gous POT (sodium-di-2-ethylhexyl phosphate) were correlated. Only 
the slightly polar ethylacetate or dioxane considerably reduced the 
aggregational tendency of both surfactants due to the interactions 
with the polar (hydrated) groups. The slope of the correlation 
diagram corresponds to the ratio of the smallest aggregate sizes 
of both surfactants detected. These were considered in the frame 
of the micellization model as nuclei (14). The enthalpic contribu- 
tions consist of two parts, i.e. dispersion and electrostatic in- 
teractions where the latter include particularly hydrogen bond 


(describing the condition for reversible micelle growth) has to be 
considered. The free energy changes for both processes show a gap 


of about 1 kT/ion, probably due to deficiencies in the Gouy-Chapman 
model. 
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Fig. 2. Correlation diagram between mean aggregation numbers n 
and n concerning the solvent dependent aggregate sizes 
of AOT and sodium di-2-ethylhexyl phosphate (POT). 


formation. According to the recent experimental results from 
photon correlation spectroscopy (15), positron annihilation tech- 
nique (16), IR spectroscopic investigations (17) and vapor pressure 
osmometric measurements of increasingly hydrophobic (tetra alkyl- 
ammonium) ions of di-2-ethylhexyl sulfosuccinate (18) it was con- 
cluded that hydrogen bond formation (and generally hydration 
interactions) are decisive regarding the formation and stability 

of inverted micelles. These conclusions were strongly confirmed 

by careful IR spectroscopic OH-vibration analyses (17) which 
resulted in the following model (see Fig. 3). The figure illus- 
trates the case for small amounts of water attached to the ionic 
groups. This is believed to be the experimental situation generally 
met with the formation of inverted micelles. The importance of the 
hydration interaction is seen in Fig. 4 where the average aggrega- 
tion number n is plotted versus the weighed-in concentration Caer 
various ionic derivatives of di-2-ethylhexyl sulfosuccinates with 
increasingly hydropnobic counterions. The effect is quite apparent 
and shows the expected trend. It appears, therefore, justified to 
assume that minute amounts of water are essential for the forma- 
tion, and surprising stability (15), of many ionic micelles in 
hydrocarbon solvents. This applies in particular to those surf- 
actants with strongly hydrophilic head groups and which are capable 
to form hydrogen bonds stabilized by polarization. 
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Fig. 3. Formation of trimers of AOT at low degree of hydration 
according to Zundel‘s model (17). 


With respect to size and shape of inverted micelles the former 
is, as a rule, considerably smaller than aqueous micellar aggre- 
gates. Since no thermodynamically determining factor, like the 
hydrophobic effect, exists in the case of inverted micelles it ap- 
pears to be accepted that steric restrictions are important, i.e. 
the ratio of the cross-sectional areas of the hydrocarbon to the 
polar moieties essentially determines size and shape of the aggre- 
gates (19). 


Quite frequently prolate ellipsoids have been suggested ac-— 
cording to experimental results (19,20), for example in the case 
of AOT. For other surfactants, like dinonylnaphthalene sulfonates 
(21), spherically shaped aggregates seem more probable. Thus, 
contrary to a general driving force as with association phenomena 
in aqueous surfactant solutions where the hydrophobic effect forces 
the micelle to adopt a shape which guarantees the most favorable 
shielding from water, specific sterical effects seem to dominate 
the shape of inverted micellar aggregates. 


Microemulsions 


A phenomenon closely related to the formation of micelles is 
the building up of thermodynamically stable emulsions, so-called 
microemulsions. The process giving rise to the final formation of 
a microemulsion is the so-called solubilization, i.e. the encaging 
of the respective antagonistic component in the binary oil/water 
system by the surfactant. It might appear reasonable to consider 
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Fig. 4. Number average aggregation number (n) of AOT with dif- 
ferent tetraalkylammonium counterion vs. surfactant 
concentration in benzene at 25°C. 


this solubilization as the leading phenomenon compared to the 
micelle formation. 


Extrapolation to zero solubilizate amount would lead auto- 
matically to the micellar aggregate which appears according to 
this point of view as an auto-solubilization phenomenon. Such a 
leading role attributed to the microemulsion formation is confirmed 
by the fact (2) that a thermodynamically stable emulsion can be 
obtained only if the necessary concentration of surfactant required 
to build up the microemulsion is smaller (2) than the cmc of the 
binary surfactant/solvent system. Thus solubilization and micel- 
lization are competitive processes. This is nicely demonstrated 
by Figure 1 where the onset of the solubilization process ("deter- 
gency” curve) clearly precedes that of the micellization. Which 
emulsion type, i.e. W/O-, or O/W- is formed, depends largely on 
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the nature of the surfactant. It is, moreover, possible that a 
phase inversion occurs depending on the water to oil ratio and the 
temperature of the system. The latter is generally called the 
phase-inversion temperature (PIT). Whether such an inversion leads 
to a thermodynamically stable microemulsion can be inferred from 
considerations based on classical thermodynamics? (22). The prep— 
erties of both these emulsions, however, are different in many 
respects according to the respective continuous phases. Comparing 
both emulsion types it appears that a more natural transition 
exists between normal micelles and the corresponding microemulsion. 
These micelles already contain a hydrocarbon core with liquid-like 
structure. The microemulsion is thus formed by adding up increas- 
ing amounts of oil (within the stability region of the microemul- 
sion) which are soluble in the hydrocarbon core. It is interesting 
to note that also solid material is easily solubilized without the 
addition of a dissolving agent as is the case with solubilizate 
taken up by inverted micelles. Hence O/W- microemulsions represent 
in their simplest form a ternary system while W/O- emulsions are 
generally to be considered quaternary systems. 


With regard to the stability against coalescence there is a 
noteworthy difference between W/O- and O/W- emulsions. The O/W 
type is certainly better stabilized by the electrostatic repulsion 
of the electrical double layer than the W/O microemulsion. The 
latter is stabilized by sterical repulsion between the micellar 
"membranes". 


In the last few years the interest appears to have strikingly 
shifted towards W/O- microemulsions. The main reason for this is 
probably the opportunity to investigate the structure of water in 
the hydrocarbon environment in the presence of surfactant: in 
particular its dependence on the water concentration, influence on 
the micellar membrane by the hydrophobic hydration (23) and the 
sensitivity of the water structure on additives (salt and hydro- 
carbon). Moreover, the discovery of a remarkable catalytic activ- 
ity has considerably fostered the research on this type of emulsion. 


Most of the available information stems from thermodynamical 
investigations. Comparatively little work was directed towards 
structural details. Only more recently a systematic photon cor-. 
relation spectroscopic study has been performed (15) on ternary 
W/O- microemulsions, i.e. H»0/AOT/isooctane, which revealed gener- 
alizable results regarding ternary W/O- microemulsions formed by 


everucaiiee one would expect cosurfactants to be considered 
in order to produce stable microemulsions with high contents of 
solubilized material. However, the present discussion is concerned 
with the proper microemulsion phenomena which can be produced with- 
out the addition of cosurfactants,. 
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ionic surfactants. It appears that for the first time experimental 
evidence has been presented that there actually exists a physically 
reasonable difference between inverted micelles and W/O micro- 
emulsions. This could have been inferred already from the well- 
known phase diagrams of a W/O- microemulsion (Fig. 5). 


This is illustratedyin more detail by Figures 6 and 7 which 
show plots of the hydrodynamical radii (r,) and the incremental 
surface area covered by one AOT molecule (f ) of the oil/water 
interface versus the temperature and the amount of added water 
(wo) > respectively. Both figures mutually support each other, 
indicating a splitting into two groups of essentially similar 
curves (Figure 6) within a narrow Wo range and a clear change in 
the slope of faor versus w, in Figure 7 at about the same w,-values. 
The lower group of curves in Figure 6 is attributed to the micellar 
domain, characterized by the very weak temperature dependence. In 
contrast with this group is the upper ensemble of curves which 
strongly depends on temperature, pressure, mutual solubility of 
the microemulsion components etc., since now the interfacial free 
energy of the system is the relevant thermodynamical magnitude 
which determines the stability of the system. This is, accordingly, 
the microemulsion region. Figure 7 expresses the same fact, as at 
low w.-values a steep increase of Ne is displayed, whereas 
above w. = 15-20 the incremental coverage per AOT molecule of the 
oil/watér interface stays approximately constant. Thus the curve 
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Fig. 5. Phase diagrams of AOT in different solvents and solvent 
mixtures. Temperature plotted vs. amount of solubilized 
water. From (24), 
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Fig. 6. Stokes radii (r}) of microemulsion (H,0/AOT/isooctane) 
droplets vs. temperature. Parameter: w, = [H,0]/[AOT]. 
The vertical line indicates a stability boundary to the 
left of which spontaneous growth of the aggregates occurs 
which will ultimately lead to phase separation. From (15). 


reflects the transition from a micellar aggregate with a more or 
less ordered surfactant network to a more defined interfacial 
monolayer. 


An interesting detail was the detection of an optical match- 
ing phenomenon which depended on the water content (Figure 8). A 
recent analysis of this fact revealed a number of molecular details 
of the microemulsion. The minimum of the scattering intensity 
versus W,, i.e. the proper optical matching, could be excellently 
described by the adsorption model developed earlier on the basis 
of dipole--image dipole interactions between the water core and 
the adsorbed surfactant dipoles (25). Its validity is restricted 
to the microemulsion region which is clearly reflected in Figure 8. 
The first part of the scattering plot Tgge (wo) is best fitted using 
the initial part of the experimentally obtained Eagp(Wo) plot (Fig. 
7), thus identifying the maximum region of the scattered intensity 
with the micellar domain. The surprising coincidence of the ap- 
plied equi-partition model with the experimental plot seems to 
point to a relatively small polydispersity. The physical parame- 
ters used to fit the scattering curve indicate that the surface 
conduction of the microemulsion droplets are negligible, i.e. they 
appear to the light like dielectric spheres (26). 


MICELLES AND MICROEMULSIONS 147 


en, 
ae 
50 Ba a 
a 
oe Ve 
| : 
a 

40 
= 
wt 


: 


Fig. 7. Average surface fraction (Earp) of the H»0/oil interface 
covered by one surfactant molecule (AOT) vs. weighed-in 
amount of water w,. From H.F. Eicke and J. Rehak, Helv. 
Chim. tActa 59; 2883--(1976):. 


a 


et 
ie} 


ow arbitrary units S 


Igoe 
~e— 
Ns 
N\ 
N 
Y 
\ 
fo} 
fe} va 
7 
fe) 
Ya 
o) 


fe) 
o Sone 
T T T a ie T -~ _ 
10 20 w 30 40 


Fig. 8. Scattered intensity Iggo vs. wy = [H20]/[AOT] (7) at 25°C. 
System: H,0/AOT/isooctane. Solid line: Rayleigh scat- 
tering calculated according to monodisperse microemulsion 
model (26). Dotted line corresponds to initial part of 


E ror Wo) curve (Fig. 7). 
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Fig. 9. Extrapolated intensities (Igg°) VS. Wy = [H,0] /[AOT] for 
five temperatures. From (15). 


The increasing residual scattering at higher temperatures 
(see Fig. 9) is straightforward explained by the temperature de- 
pendent fluctuations of the interfacial surfactant layer covering 
the dispersed droplets (26). The fluctuations can be observed 
since the static contributions of the refractive index increments 
of the dispersed particles and the solvent (oil) are optically 
matched. Hence, except for the fluctuations of the surfactant 
molecules in the monolayer the microemulsions discussed in the 
present paper show a remarkable monodispersity. 


It is believed that our present view of the microemulsion 
phenomena is already rather detailed on a microscopic (colloidal) 
level. The next step will certainly acquire deeper insights into 
the molecular interactions responsible for the observed phenomena. 
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X-RAY DIFFRACTION AND SCATTERING BY MICROEMULSIONS 


Dien Marsden 


Department of Petroleum Engineering 
Stanford University 
Stanford, California 94305, U.S.A. 


Microemulsions are being actively studied as well as field 
tested as an EOR method in many places. We have learned a great 
deal about some of their physical properties and their flow in 
porous media, but we know remarkably little about their physical 
structure in the size range of colloidal particles. There is some 
reason to believe that the other properties of microemulsions as 
well as their performance in EOR are determined by this colloidal 
structure in the same way that the properties and performance of 
oil well drilling fluids are determined by the colloidal structure 
of clay minerals in aqueous dispersions. 


One very powerful tool for determining the size, shape, and 
orientation of colloidal particles in a liquid continuum is through 
their interaction with X-radiation. The nature of this interaction 
varies considerably with the colloidal system, and it can often be 
used to elucidate the structure of the latter when combined with 
the results of other experimental measurements. X-ray results 
alone rarely lead to unambiguous conclusions in these kinds of 
systems. 


Microemulsions are comprised of various combinations and con- 
centrations of oils, water (or brine), surfactants, and sometimes 
co-surfactants. When prepared with colorless materials and equili- 
brated at a specified temperature, they may be clear, translucent 
or opaque liquids or gels. Many exhibit birefringence and/or 
streaming birefringence, and so these either consist of or else 
contain liquid crystalline phases; others are optically isotropic. 


Some microemulsions are thin liquids while others are viscous 
and still others are gels. Some are simple Newtonian fluids while 
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others are non-Newtonian. The flow properties are determined by 
chemical composition, and judicious variation of the latter can 
often be used to get the physical properties desired. 


Various procedures have sometimes been followed to orient other 
liquid crystalline samples before studying them with X-rays. For 
example, when some smectic liquid crystals are aspirated into a 
small diameter, thin-walled glass capillary tube, the lamellae 
become preferentially oriented parallel to the surface of the tube. 
If this orientation is complete, then the X-ray pattern produced on 
a film by a thin X-ray beam perpendicular to the axis of the glass 
tube consists of a series of sharp spots in a line also perpendicu- 
lar to the axis of the tube. Calculations will show that these are 
several orders (typically about three) of a single repeating dimen- 
sion or "spacing" whose numerical value is usually several tens of 
Angstrom units. This is due to a one-dimensional regularity in 
such liquid crystals and tells us nothing about any regularity in 
the other two dimensions. 


If the lateral dimensions of the lamellae in this kind of 
liquid crystals are not particularly large or if Brownian motion 
disturbs the original orientation relative to the walls of the 
capillary tube, then instead of spots we will get a series of con- 
centric rings corresponding to the same Bragg spacing. This kind 
of pattern is analogous to a Debye-Scherrer or "powder" pattern of 
the sort obtained from a microcrystalline sample, and the inter- 
pretation is similarly straightforward. These rings are usually 
just as sharp as those found on most powder diagrams; that is, 
they are not the broad, fuzzy haloes obtained with liquids. 


The nature of the spots or rings obtained on X-ray film when 
using a thin X-ray beam of circular cross-section is shown in 
Figures 1 and 2. The thin-walled glass capillary tubes containing 
the samples are shown superimposed on these diagrams to illustrate 
the orientation of the spots relative to the axis of the tube. In 
a sense, the reader's eye is in the position of the X-ray source; 
looking toward the page it sees first the sample and then much 
further on the diffraction results recorded on the film. Those 
experienced in this field will recognize that these diagrams are 
not drawn to scale and that the "shadow" of the lead button used - 
to absorb the undiffracted X-ray beam has been omitted. 


It is not uncommon to get superposition of the spots and the 
circles described above when there is partial orientation of the 
lamellae relative to the walls of the capillary tubes. In theory, 
it may be possible to learn something about the lateral dimensions 
of the lamellae from the relative intensities of spots and circles 
for samples of the same system mounted in tubes of different in- 
ternal diameters. 
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Fig. 1. X-ray diffraction from oriented smectic liquid crystalline 
phase 


Fig. 2. X-ray diffraction from non-oriented smectic liquid crys- 
talline phase 


Besides the lamellar liquid crystals just described, others 
are known to exist. We shall discuss only one here; namely, ‘the 
nematic liquid crystals illustrated by the middle soap phase of a 
typical soap-water system. An unoriented sample made up of many 
micro-liquid crystals of this sort will give a series of concentric 


* 
This is not to be confused with the "middle phase" of some 
microemulsion systems. 
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rings similar in sharpness to those described for the lamellar ones 
discussed above, but with one significant difference. In the 
smectic case the calculated Bragg spacings are in the ratios of 
1:1/2:1/3:1/4:1/5, ete., because they: are different orders of dif- 
fraction for the same set of planes in the liquid crystal. In the 
nematic case the calculated Bragg spacings are in the ratios of 
1:1/V73:1/V4:1/V7, etc., because they are both different orders of 
the same set of planes, and also diffractions from other sets of 
planes. The generally accepted interpretation of this data is that 
it is due to diffraction from a fairly large number of parallel rods 
whose axes are arranged in a highly regular, two-dimensional, hex- 
agonal pattern with no discernable regularity in the third dimen- 
sion. By itself, this interpretation has the same kind of ambiguity 
that arises from similar interpretations of powder diagrams from 
micro-crystalline samples of solids having three-dimensional 
regularity. 


We are fortunate, however, in that some investigators have 
been able to get oriented nematic liquid crystals which produce 
spots rather than simply circles so that the ambiguity in inter- 
pretation can be eliminated (1). Not only do these spots have the 
expected numerical values described above, but they also have the 
expected orientation relative to each other for this kind of system 
(Figure 3). These spots represent two-dimensional order rather 
than the three found in ordinary crystalline solids. 


The liquid crystals described above which have been studied 
with X-rays usually are made from surfactants and water. We expect 
that those found in microemulsion systems will give similar results 
when studied by X-rays but this has yet to be demonstrated. Other 
surfactant-water systems which are not liquid crystalline also give 
X-ray results which are different from those of the liquid crystal- 
line phases and these will be discussed now. They are of two sorts; 
as far as we know, neither have been oriented. 


The first kind is simply an extension of the concentric rings 
obtained with non-oriented liquid crystals but with two distinc- 
tions. Although the rings can be sharp, they will generally be 
fuzzy and some even resemble the haloes obtained with ordinary 
liquids. The interpretation of these results is not as clear-cut~- 
as it is for the hydrous liquid crystals. When the rings are sharp, 
Bragg's law can probably be used again to calculate spacings, but 
when fuzzy, a simple constant slightly greater than unity has some- 
times been incorporated in the equation by some authors. In either 
event, a numerical value of a spacing or distance is obtained but 
other evidence is needed to give it real meaning. 


The second kind of result is the small angle or Guinier scat- 
tering (2) which appears on films as darkening at very small angles 
relative to the main beam. By using methods described by others, 
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Fig. 3. X-ray diffraction from oriented nematic liquid crystalline 
phase 


this scattering can also give a dimension of individual particles 
rather than the repeating distance between particles which are 
obtained by X-ray diffraction. Because we have not had experience 
with this method, we cannot discuss it more at this point. 


A single X-ray diffraction pattern of a liquid crystalline 
phase or an isotropic solution of a microemulsion will not tell us 
very much more than the repeating distance within the particles and 
possibly something about the relative dimensions of the particles. 
It will be necessary to study a number of related systems under 
specialized experimental conditions to learn more and these will 
be described next. 


Probably the easiest parameter to vary systematically will be 
concentration of the several constituents; that is, to study samples 
having the same components but in different proportions. Then we 
can get the change in any diffraction pattern or spacing with con- 
centration which can often tell us as much or more than the absolute 
values of the spacings themselves. This may be illustrated by the 
earlier work done in several laboratories on simple soap-—water 
systems (3,4). Elementary geometry predicts that for lamellar 
liquid crystals a double logarithm graph of long X-ray diffraction 
spacings versus volumetric concentration of the soap should have 
a slope of minus one if all of the water goes into uniform layers 
between the sheets of polar heads of the soap molecules. This is 
indeed found in many but not all cases (Figures 4 and 5). Extension 
of this modeling to cases where hydrocarbon is solubilized in the 
detergent-water systems indicates that the hydrocarbon will often 
lead to additional expansion of the thickness of the liquid crystal- 
line phase by having the hydrocarbon form layers between the non- 
polar ends of the detergent molecule sheets (CA) eelhtscehasmalso 
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Fig. 4. Long spacing vs. concentration for diglycol monolaurate 
(Reference 4) 


been observed in some but not all cases (Figure 6). When it does 
happen, we can sometimes speculate as to where the hydrocarbon 
actually goes in the system when it is solubilized. 


For nematic or fibrous liquid crystals whose individual molec- 
ular agglomerates consist of rods with centers arranged in a hexago- 
nal array, simple geometry also predicts that a double logarithm ~ 
graph of the first order of the major X-ray spacing versus the 
volumetric concentration of detergent should have a slope of minus 
one-half (1). This together with the numerical ratios of the 
several diffractions (plus in some cases the oriented spots pro- 
duced by annealed systems) is rather convincing evidence for this 
Keamdmots diiquildmenaycitailes 


Similar geometrical modeling would also predict a slope of 
minus one-third for a system of isodimensional units such as 
spheres that expanded uniformly in three dimensions. 
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We have mentioned earlier how some liquid crystalline systems 
become oriented when they are aspirated into thin-walled glass 
capillary tubes for study by X-rays and that others do not become 
oriented. This suggests that we may learn something additional 
about the overall shape or structure of microemulsions by determin- 
ing the X-ray patterns of flowing as well as sessile samples. 
Rheological measurements’ on the same samples would also be useful 
in interpreting the X-ray results, as would observations of any 
streaming birefringence. 


Because some liquid crystalline samples become oriented by 
flow, care must be taken in choosing and using the holder for the 
samples being studied with X-rays. For example, a flat sample 
holder oriented perpendicular to the X-ray beam may not work be- 
cause of liquid crystal lamellae being oriented parallel to the 
"windows" of the holder, but the same holder may also work well 
if it is almost parallel to the beam. 


Another interesting and important parameter that can and 
should be studied is the temperature level (5). This is not simply 
to simulate reservoir temperature but also because it is known to 
affect the physical properties and phase behavior of microemulsions. 


We mentioned earlier that some microemulsions contain water 
and others brine, so certainly the presence of different electro- 
lytes and their concentration should be a parameter when preparing 
microemulsions for study. Various surfactants as well as co- 
surfactants produce microemulsions having different physical proper- 
ties and so obviously the chemical compositions of these components 
are still other variables. 


The change of colloidal structure as observed by X-ray methods 
and as related to the physical and chemical properties of micro- 
emulsions is the goal of this work. There is a lot to be done and 
so we would like to encourage those in other laboratories to under- 
take it as well. 
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LIGHT SCATTERING STUDY OF ADSORPTION OF SURFACTANT 


MOLECULES AT OIL-WATER INTERFACE 


A. M. Cazabat, D. Langevin, J. Meunier, and 
A. Pouchelon 


Laboratoire de Spectroscopie Hertzienne de 1'E.N.S. 
24, Rue Lhomond 75231 Paris Cedex 05 France 


We have studied the following two types of oil-water interfaces 


by light scattering techniques: 
a) Flat Interfaces 


Interfacial tension has been deduced from the spectrum of the 
light scattered by the interface. The results are relative to 
water—toluene-sodium dodecyl sulfate (SDS)-butanol mixtures either 
in the two phase, or in the three phase region of the phase 
diagram. Values down to 10°” dynes/cm have been measured. Mea- 
surements down to 1075 - 10-6 dynes/cm are expected to be achiev- 
able with this technique. 


b) Microemulsions 


The intensity and the autocorrelation function of light scat- 
tered by a microemulsion have been investigated for the water in 
oil type microemulsions. We studied two mixtures: water-SDS- 
cyclohexane-pentanol and water-SDS-toluene-butanol. We obtain in- 
formation about droplet size (radius of the aqueous core, hydro- 
dynamic radius) and about interaction forces between the droplets 
(from osmotic compressibility and diffusion coefficient data). 

The role of the nature of oil and the influence of salt on these 
parameters is also discussed. 
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INTRODUCTION 


The adsorption of surfactant molecules at oil-water interfaces 
has attracted much interest, in relation to the oil recovery tech- 
niques (1). The systems containing oil, water and emulsifier mole- 
cules form generally two phases: an aqueous phase containing some- 
times solubilized oil in the form of small droplets surrounded by 
emulsifier molecules and an oil phase which also can contain 
solubilized water. When the amount of emulsifier is large enough, 
the system can form only one phase, i.e. all the water (or oil) 
can be solubilized in the oil (or water). The system is again a 
dispersion of very small droplets of water (or oil), surrounded by 
emulsifier molecules, in a continuous medium containing the oil 
(or water). Such dispersions are currently called microemulsions. 
The droplet size is usually of the order of 100A yr 


A very schematic phase diagram showing single and two phase 
regions is represented by Figure l(a). Figure 1(b) shows a situa- 
tion where the system forms three phases. The lower phase is 
usually pure water, the upper phase pure oil, and the middle phase 
is thought to be a microemulsion containing most of the emulsifiers. 


The interfacial tensions in the two phase region are generally 
small (1-1072 dynes/cm) and even smaller in the three phase region 
(Om =1072 dynes/cm). These properties are expected to be related 
to the structure of the microemulsions in the bulk phases (3). 


Light scattering techniques are useful tools to investigate 
both interfacial properties such as surface tension and visco- 
elasticity (4) and bulk properties such as droplet size and inter- 
action forces between these droplets (5,6). It must be pointed 
out that in each case, light is probing thermal fluctuations in 
the medium but the fluctuations are of a very different nature: 
surface roughness in the first case, and droplet concentration 
fluctuations in the case of bulk scattering. 
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Fig. 1. Schematic phase diagram 
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In this paper we will present independently the results ob- 
tained by the two techniques. We have studied microemulsion bulk 
properties for samples corresponding to the limit line of the one 
phase region (Figure 1). On the other hand, the two or three 
phase samples, for which we studied the interfacial properties, 
had very small interfacial tensions and are therefore very close 
to the same demixing line. This preliminary study was intended to 
determine how much information can be obtained from these two light 
scattering techniques and how these informations can be coupled. 


STUDIES ON OIL-WATER INTERFACES 
EXPERIMENTAL 


In this paragraph we will briefly recall the main features of 
the surface light scattering technique. Further details can be 
found in reference (4). 


Thermal motion induces small surface roughness, The amplitude 
C of surface irregularities are of the order of 10A for usual Liquid 
surfaces, if the surface tension yY ~ 10 dynes/cm; [ varies as y 2 
and becomes therefore larger if surface tension decreases. Con- 
sequently the intensity of the light scattered by the surface in- 
creases. If one chooses a given scattering angle 6 (Figure 2), 
the result will be to select a given wave vector q in the spatial 
Fourier transform of f, as in an ordinary diffraction process. 
This wave vector is related to scattering angle by: 


2 
floeeer eo a 


where X is the incident light wavelength, and provided 9 is small 
and q perpendicular to the incidence plane. 


As the scattered intensity decreases as e-2 when 6 increases, 
one is limited in practice to very small scattering angles, e.g., 
8 < 5°. The scattered light is received on a photomultiplier and 
the photocurrent power spectrum is analyzed in a real time wave 
analyzer. The spectrum reflects the temporal evolution of the 
Fourier component Gq: 


If the surface tension is small,1 the distorted surface ex- 
periences a small restoring force, and owing to the viscosities fn 
of the upper phase and n' of the lower phase, the interfacial 
motion is strongly overdamped. Hence, 


I the condition for the validity of the above results is: 
' _ 
a, < 1072 
oe Oe mb) ae 
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Fig. 2. Experimental setup for surface light scattering 
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where €,0' are liquid densities and g is acceleration due to 
gravity. The measured photocurrent power spectrum P(wW) has a 
Lorentzian shape: 
1D (GQW)) Es Bee Sere where Av = - (2) 
2 q DAP AE 
Wo Sr a q 


Here; typically q ~ 1000 em=!, n.n° = 1 ep. p10’ ~ g/cm, and 
eqs. (1) and (2) are valid! if y < 10°“ dyne/cm. For larger sur- 
face tensions, a slightly more complicated theoretical form of P(w) 
must be used (4). 


If the interface exhibits viscoelastic properties, as it often 
appears when surfactant is adsorbed, the surface tension becomes 
frequency dependent (7), Y = y + iWN, where N is a surface viscosity 
associated to the vertical motion of the interface, different from 
shear (L) and dilatational (M) surface viscosities. These two 
viscosities are associated with frequency dependent shear S and 
dilatational K elastic moduli and hence, 


S 


Soe Lok 


Re 
II 


K + i1WM 


In the case of interfacial deformations at low y values 
(y < 10 “), the motion of the interface is purely vertical, and 


it 
The condition for the validity of the above result is: 
haa oe 


2 
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is not associated with any shear or dilatation. For this reason, 
the time a will only depend on y and N: 


(2nt,)* = Av, = wee pirat (ee zoe/ 4 Cs 


1 
Gd aS ace 4m (n+n") 


Materials and Methods 


The samples were made using toluene as oil and a mixture of 
sodium dodecyl sulfate (SDS) and butanol as emulsifier. The phase 
diagram of this system was extensively studied by Lalanne et al. 
(8). The composition of samples is indicated in Table 1. Their 
densities, viscosities and refractive indices are reported in Table 
2. The three-phase samples were obtained by adding salt into water 
(the limits of the three-phase domain for the samples of Table 1 
were 5.8% — 7.8% of salt in water). 


The samples were equilibrated in a thermostated water bath at 
20° + 0.1°C for at least two weeks. The different phases were 
then taken out separately and each used to fill half of the scat- 
tering cell. This cell is also thermostated at 20° + 0.1°C. More- 
over, it has been found necessary to control the temperature of 
the room itself (within + 0.5°) in order to avoid thermal gradients 
in the vicinity of the cell windows, which produce a curvature of 
the interface. The cell must be filled with great care, in order 
to avoid soap deposit on the cell glass windows. If the windows 
are not very clean, the measured spectrum can be distorted in a 
non-Lorentzian shape, and the results become non-reproducible. 


RESULTS 


Two samples of the two-phase region were studied, A and B 
(Table 1). The results for measured half widths have been cor- 
rected for the gravity part of the restoring force (p' - () g/q2 
in equations (1) and (3). This leads to apparent half widths of: 


= Y 7 = 
Av, RGR if N=0 (4) 
IAW) a ie 2 2 a viscoelastic (5) 
a2 Am Gren) ol ANG / 2. (yen) Lan aaa 


Figure 3 shows the results for Av, as a function of q for 
sample A. Although a linear fit (full line) is possible and leads 
to y = 7.8 1072 dynes/cm using eq. (4), a fit with an hyperbolic 
function as indicated by eq. (5) is somewhat better and gives 
y = 8.5 1072 dynes/cm, N = 4.7 10-6 surface poises. 
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Table 2 
ee eee ee See eae ee 
S 3 
ample Phase wee p,,/em 
A upper 0.738 0.852 
lower 743 0.948 
B upper 0.665 0.856 
lower 39 0.910 
Cl upper 0.59 867 
middle 3.96 0.979 
lower 
a, upper On589 863 
middle 3.479 0.951 
lower Jes) .039 
G3 upper 0.588 0.864 
middle eQAIl 0.974 
lower PES OS 
C4 upper 0.582 0.859 
middle 3.589 -962 
lower T2202 1.038 
C5 upper 0.606 0.863 
middle 3.636 0.932 
lower 1239 IL OKeD7/ 
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Fig. 3. Apparent spectral half width (corrected for gravity 
effects) versus scattering wave vector q for sample A 
Of, Lables experimentals podnts.) —- taktmwa bime a) .aeens 
—--- fit with eq. 5. 


For sample B, the curvature of Av_(q) is still more pronounced, 
but the precision of the results is poorer, and a precise value of 
N cannot be determined. 


The interfacial tension obtained with light scattering method 
is compared in Table 1, with values Yop obtained by the spinning 
drop technique on similar samples. They are in good agreement. 


Several samples have been studied in the three-phase region 
(C1-C5). The interfacial tensions are smaller in this case and 


the corresponding spectral width also smaller. A typical spectrum 
is shown in Figure 4. 


The apparent widths Av, for the oil-middle phase interface 
vary linearly with q as shown in Figure 5. The values of inter- 
facial tension decrease with increasing salt concentration as 
shown in Table 1. The differences within samples C1-C3 which cor- 
respond in principle to same salt concentrations are thought to be 
due to very small composition differences as indicated in Table 2, 
and not due to a lack of precision of the technique itself which 
is, in principle, better than 102%. 
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AG 1=171.5 em"! 
Av = 5Hz 


10Hz 20 Hz v (Hz) 


Fig. 4. Typical experimental spectrum of surface scattering. 


The water-middle phase interfaces are much more difficult to 
study. Their behavior varies largely from one sample to the other. 
The variation of interfacial tension with salt concentration is 
not clear up to now. 


DISCUSSION 


The light scattering technique described here happens to be 
a very precise method for measuring small interfacial tensions. 
This technique has already allowed the measurements of values of 
the order of 10-4 dynes/cm (4). Measurements down to 10-5 - 1076 
are expected to be achievable, since the technique allows the 
determination of very small spectral half widths (9). 


Very small values of surface viscosity can also be determined: 
N ~ 1076 surface poises. However, it is not clear up to now if 
this viscosity is as large in the systems studied here. 
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Fig. 5. Apparent spectral half width versus q for sample C2, Table 
1 and oil-middle phase interface; + experimental points, 
— linear fit. 
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STUDIES ON MICROEMULSIONS 
EXPERIMENTAL 


We measure both the intensity I and the autocorrelation func- 
tion G(T) of the light scattered by the sample (6). The main con- 
tribution to the scatterihg is due to concentration fluctuations 
of the droplets. If particle size is assumed to be constant: 


t~ (3° op (6) 


where I is the intensity collected in a fixed scattering solid 
angle, n the refractive index of the solution, 7 the osmotic pres- 
sure and ¢ the volume fraction occupied by the droplets. 


In the limit of small volume fractions: 


~ KI pared 
ag = y (1 + 28d) and V=3R (7) 


where V is the volume occupied by the constituents of the droplets, 
R the corresponding radius and B the virial coefficient of the 


osmotic pressure. 


The autocorrelation function Aad 
- - 2 
BGpetiteies! 4 'odand Dee = 2Dq (8) 


: Gina 
where q is related to the scattering angle 0 by q = — sin > and 
D is the diffusion coefficient. 


inpthnewamat ons. Ol 


(1 + ad) (9) 


-the detection is homodyne for @ 2 20°. 
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where nN is the viscosity of the continuous phase, Ry the hydro- 
dynamic radius, and a a virial coefficient depending on hydrodynamic 
interactions and interparticular forces (10,11). 


If samples containing different volume fractions of droplets 
of constant size are prepared, this technique allows the determina- 
tion of sizes and interactions in the system. 


Materials and Methods 


We studied two types of systems in the water-in-oil region of 
the phase diagram: 


1) water-cyclohexane-SDS—pentanol 
2) water-toluene-SDS—butanol 


The effect of salt was also investigated. The characteriza- 
tion of the samples can be found in Table 3. 


A dilution procedure has been determined for each series of 
samples in order to prepare different volume fractions of droplets 
of constant size. Tests of the procedure are: 


- linearity of the plot of alcohol amount necessary to 
obtain a transparent system versus oil volume, the 
amounts of water and soap in droplets being held 
eonstant G2). 

- linearity of ¢/I versus ¢ (6). This is illustrated in 
Figure 6 for several samples. 


A stronger evidence of droplet size constancy is the linearity 
of Zimm-Plots in small angle neutron scattering (13). But such 
proof is only available for samples A, B and C of Table 3. 


The volume fraction ¢ is defined then as: 


> = {soap volume + (watertalcohol) volume in droplets}/total volume 


(10) 


Samples are put into 1 cm path length glass cells (Hellma). 
The light source is an Argon laser "Coherent Radiation" CR2 at a 
wavelength 5145A giving an output power of about O0.5w. Most 
results are relative to a scattering angle of 90°. Refractive 
indices have been measured using an Abbe refractometer. Intensity 
measurements are relative. Calibration was made (6) using an 
aqueous solution of polystyrene spheres (Dow Chemical Company). 
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Fig. 6. $/I versus 9 for $ < 0.1 and several microemulsions of 
Table 3. 


RESULTS 
a) Intensity Measurements: The limit of I/¢ when $ > 0 allows 


the determination of R and Ry» radius of aqueous core: GB IN 
173 w 
($,,/) » where by = water volume in droplets/total volume. 


The variation of ¢/I versus $¢, normalized to 1 for ¢ = 0, is 
represented in Figure 6 for several microemulsion series. The 
slopes of the straight lines are the virial coefficients 2B [from 
eq. (7)]. All the results are reported in Table 3. If the par- 
ticles interact as hard spheres, 2B is equal to 8 (5). One can 
see in Table 3 that this is not the case for microemulsions. 
Either 2B < 8 indicating the existence of a supplementary attrac- 
tive potential, or 2B > 8, a case of supplementary repulsive 
potential. 
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Following Vrij (5), these added potentials can be treated as 
perturbations to hard sphere interactions. This allows to take 
well into account the shape of I versus ¢ until large volume frac- 
tions > < 0.4 (see for instance Figure 7). However, such fit 
cannot give more information about the perturbation potential W 
than again a value for the virial coefficient 2B. The exact 
nature of W is still unknown. 


b) Autocorrelation Functions: Autocorrelation functions are 
always exponential within experimental accuracy. Diffusion con- 
stants values were deduced using eq. (8) and corresponding hydro- 
dynamic radii and virial term a using eq. (9). The results are 
reported in Table 3. Again, one sees that @ is very different 
from hard sphere value © = 1.6 (10,11). 


We found no variation of D with scattering angle (4° < 6 < 180°) 
for microemulsions A and B. Anomalies seem to appear for microemul- 
sions AY at volume fractions > ~ 0.1. We attribute this effect to 
droplet clusters formation leading to large aggregates with sizes 
comparable to light wavelength A. Indeed, in such a case, the law 


ee 2Dq2 is no longer valid (14). Note that in this system the 
virial coefficient is high and negative, indicating strong attrac-— 
tive interaction between droplets. Such effect has been already 


I Relative intensities 


water/soap 0.69 
A : cyclohexane - pentanol 
AY : toluene . butanol 


(aes 


0.1 0.2 Q3 % 


Fig. 7. Relative intensities versus volume fraction gd for micro- 
emulsions relative to the same water/soap ratio but to 
different kinds of oil and alcohol. 
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noted on systems containing copolymers as emulsifiers (15). Fur- 
ther experiments are on the way in order to confirm this observa- 
tion. 


It is possible to compare diffusion coefficient to sedimenta-— 
tion coefficient s. Theory predicts (10,16): 


Oia epeee 
Dee ao 7! 

(GE SE) 
Sie eee a 


where f is the friction coefficient. Using d1/d> values deduced 
from intensity data, we have computed the corresponding f values. 
We find that below » < 0.1, £ (for microemulsions A and B) has a 
linear behavior obeying: 

LS 


fis = 6mMRy (1 + 100) 


Sedimentation data are available for the same systems (13) and give: 


a SED 
fern = 6m, (1 + 3.50) 


Ru values are very close, but f variation with ? is different. 


At the present time, we do not understand the origin of this 
difference. 


Adopting a different point of view, we tried to fit the varia- 
tion of D versus 9 at low $ with existing theories taking into 
account the role of hydrodynamic interactions and interparticle 
forces. This has been done for microemulsions A and B, using 
Felderhof theory (11) with an interaction potential sum of hard 
sphere repulsion and W = A(2R/r)®, A= B kr. The agreement with 
experimental @ values is quite satisfactory. 


The variation of D versus $? at large » is still not understood. 
All samples exhibit a minimum of D versus ¢$ (associated with a maxi- 
mum of I), but to our knowledge, such minimum does not exist in any 
other systems (16). The formation of large clusters, if confirmed, 
would probably allow a qualitative understanding of this point. ~ 


DISCUSSION 


One can give several conclusions from this study (Table 3, 
Figures 6 to 9): 


1) effect of increasing water/soap ratio: the droplet size 
increases, the interactions become more attractive. 
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Fig. 8. Influence of salinity on diffusion coefficient 


2) effect of increasing amounts of salt: the sizes 
vary Significantly, but interactions become more 
Sive; we believe that it is due to an increasing 
electric charge per droplet. 


3) effect of oil and alcohol: changing cyclohexane 
toluene decreases size and increases attraction. 


do not 
repul- 
mean 


into 
This 


may be due to better solubility of SDS alkyl chain in 
cyclohexane than in toluene which is a more polar medium. 


These ideas can help us to investigate the nature of interac- 


tion potential W, electrostatic repulsion W, and attraction Wo due 
to the exchange of oil molecules by segments of soap chains when 


the droplets 


approach each other (5). The balance between W, and 


W, will be either net repulsion or net attraction. 


CONCLUSIONS 


Light scattering techniques appear as a very useful tool to 
investigate the interfacial properties of oil-water mixtures, e.g., 
interfacial tension, surface viscosity, as well as micellar size 


and micellar 


interactions. 
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Fig. 9. Influence of water/soap ratio and of oil and alcohol 
nature on diffusion coefficient, 


Further experimental and theoretical investigations are ex- 
pected to give us a better understanding of the existence of low 
interfacial tensions and of the thermodynamic stability of the 
phases. Indeed, interfacial tensions can be related theoretically 
to micellar interactions in bulk phases (3). The role of surface 
viscosity is less clear. But it probably influences the phase 
stability as it happens for ordinary emulsions. 
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AN EXPERIMENTAL INVESTIGATION OF STABILITY OF MICROEMULSIONS 
AND POLYDISPERSITY EFFECTS USING LIGHT-SCATTERING SPECTROSCOPY 
AND SMALL ANGLE X-RAY SCATTERING 
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Laser light scattering and small angle X-ray scattering were 
used to study W/O and O/W microemulsions formed by n-tetradecane, 
sodium dodecyl sulfate, n-pentanol and water. Three of the four 
W/O systems were stable for long periods of time showing only small 
changes in size. These systems were fairly monodisperse. The 
fourth system studied was not stable, changing from a microemulsion 
to a molecular solution in a few days, The O/W system showed 
ordering due to strong charge interactions, and also had micelles 
coexisting with the microemulsion droplets. In all the systems 
studied, the disperse phase droplets were found to be spherical in 
shape. 


INTRODUCTION 


Microemulsions (1,2) [or swollen micellar solutions as some 
authors prefer to call them (3-5)] have been studied by a variety 
of techniques including NMR (6), dielectric measurements (7), con- 
ductivity (8), x-ray, (2) and light scattering (9.10). sin this 
article, we have used the technique of quasielastic light-scattering 
spectroscopy (QLS) (11,12) to study the formation, stability and 
polydispersity effects of the dispersed phase in O/W and W/O micro- 
emulsions of the n-tetradecane, sodium dodecyl sulfate (SDS), l- 
pentanol and water system. Complementary intensity measurements 
of small angle X-ray scattering (SAXS) and of light scattering are 
also utilized so that we can estimate the inner core as well as 
the effective hydrodynamic sizes. 
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QLS has been used routinely to determine the Z-average trans-— 
lational diffusion coefficient and the corresponding hydrodynamic 
radius of macromolecules in solutions and of colloidal suspensions 
(11,12); and also to characterize the polydispersity effects by the 
method of cumulants (13). 


Recently, we have developed a new method of data analysis 
which permits us to obtain an approximate distribution function in 
terms of translational diffusion coefficients or sizes (14,15). 

We shall use this new histogram approach which automatically takes 
into account the effects of polydispersity to study the formation 
and stability of microemulsions. 


MATERIALS AND METHODS 


a) Sample preparation: The microemulsions used in this study 
were prepared from n-tetradecane (Phillips Petroleum 99+ mol % 
pure), n-amyl alcohol (Fisher certified reagent), gel electropho- 
resis grade SDS (Bio-Rad Labs) and doubly distilled water. The 
water in oil samples (2,3 and 4) were prepared by weighing precise 
amounts of SDS, alcohol and tetradecane and by adding enough water 
to the resultant mixture in order to obtain a clear solution upon 
vigorous shaking at 40°C. The remaining portion of the water was 
added afterwards. Sample 1 was prepared to match the W/O micro- 
emulsion studied by Gerbacia et al. (16), with n-hexadecane being 
replaced by n-tetradecane. Sample number 5 was an O/W microemul- 
sion prepared by mixing water, SDS and tetradecane to form an 
emulsion which was titrated to clarity with alcohol. Relative 
compositions of all the samples are listed in Table 1. Light- 
scattering samples were filtered through 0.22 um filters to elimi- 
nate dust. Table 1 gives the composition of the five samples used 
in this investigation. 


b) Light scattering method: The extrapolated zero-angle 
excess scattered intensity of a macromolecular solution is related 


to the solute molecular weight (17). When the scattered intensity 
is sampled over short time periods, it fluctuates about the mean 
due to thermal Brownian motions. In applying QLS to macromolecular 
solutions, the time behavior of concentration fluctuations is ex-~- 
pressed quantitatively by the intensity autocorrelation function. 
The first order (or the field) autocorrelation function of mono- 
disperse particles in a fluid due to only translational motion is 
given by: 


il 
erty = TE ee hee eereoe la) (1) 
where E, is the scattered electric field, t is the total delay time 


and K = (4mn/A,) sin 6/2 is the scattering vector with XGoi Mise and 
0 being the wavelength of light in vacuo, the refractive index of 
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Table 1. Compositions of the Samples (wt %) 


Sample No. n-tetradecane n-pentanol SDS Water NaN 
1 80.4 Arey 2a 2 QS IEG) Ab 
2: Sl Oee ZO 13%. 0 ere) LO) sal 
3 43.0 205 TORS 26.0 Boro 
4 0 DSi 55 ACO Dod 6.4 
5 Uh oJ W5}53) HE DINS By 7 7.0%9 


the scattering medium, and the scattering angle, respectively. 

T = DK2 with D being the translational diffusion coefficient of 
the particle. Experimentally we measure the intensity (or the 

second order) autocorrelation function. For a Gaussian random 
PEOCESSs ety is edven" by? 


C(t) = [1(K,t)I*(K,t+t)] = 1 + |gt(r) |? (2) 


If the particles are polydisperse, equation (1) is replaced by an 
integral: 
(oe) 


g(t) = | G(f) exp(-I't)ar (3) 
0) 


with | C(Mar=1 (4) 
0 


where G(I') is the normalized distribution function in the I-space. 
In the method of cumulants (13) equation (3) is expanded about the 
mean, [, of the distribution function G(I) and the approach is 
completely general. Unfortunately, it does not provide sufficient 
information about the shape of the distribution function. We have 
overcome this difficulty by introducing a histogram method of ana- 
lyzing the intensity autocorrelation function (14,15). Our method 
requires no a priori assumption on the form of G(I’). The only 
approximation is to replace the continuous distribution curve by 

a histogram of finite steps. In other words, we set 


M 
C@)-= ) a, (I) ) 
A! 
M 
with ) a,(T;)4r, =] (6) 


J 
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where M is the number of discrete steps in the histogram. Then the 
field autocorrelation function can be approximated by an expression 


Oe ests WOME ss 


1 M 
g (T) = | ) a (in) exp(-l 1)df Ch) 
A j J 3 J 


where the integration is performed over each discrete step. The 
measured el (t) is then fitted to equation (7) by a least squares 
procedure and the coefficients a. are determined. If we take the 
dispersed phase droplets to be spherical in shape, we can use the 
Stokes-Einstein relation to compute the effective hydrodynamic 
radius Th 


D= k,T/6mr, (8) 


where kp is the Boltzmann constant; and T is the absolute tempera- 
ture. We have taken n to be shear viscosity of the solvent, in- 
dependent of concentration effects. Using I = DK*, G(I') can be 
converted to G(D). By introducing approximate scattering factors 
for different spheres we can transform G(D) to a new number dis- 
tribution function expressed in terms of the effective hydrodynamic 
radius or the molecular weight (14,15). 


The light-scattering spectrometer has been described in detail 
elsewhere (18). We used a spectra physics model 165 argon ion 
laser operating at 488.0 nm. The scattered light was detected by 
an ITT FW-130 photomultiplier tube. A 96 channel single-clipped 
Malvern correlator was used to measure the intensity autocorrela- 
tion function. We also measured the integrated scattered intensity 
and the incident laser intensity. 


c) Small angle X-ray scattering method: At small scattering 
angles, the excess scattered X-ray intensity of a monodisperse 
macromolecular solution can be approximated by (19): 


Ld) = Le exp[~(R,)K/3] (9) 


where R, is the radius of gyration of the macromolecule and Tr, is 
the extrapolated zero angle intensity. For a polydisperse system, 
equation (9) becomes: 


2 2 
1,(,) exp (-(R,/3)K JECR,)AR, (10) 


0 
ith zm 
wit OS 1 Gy) 
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f(Rg) is the normalized distribution function of radii of gyration. 
While equation (9) is valid for spheres which scatter uniformly, 

it has to be modified for microemulsion droplets consisting of con- 
centric spheres. If we assume that the W/O droplets consist of an 
inner core of water surrounded by an interfacial layer, consisting 
of SDS heads and OH groups of the alcohol, and an outer shell of 
SDS tails, alcohol tails» and solvent. The contribution of each 
layer has to be summed up so that the excess scattered intensity 
due to N independent microemulsion droplets in scattering volume, 
Vie thas eee. forme (20): 


T(R) = Ne" (RY) (12) 


F(Kr) = (P3-05)V4P(Kr) 2 (05-03) V5P (Kr) +: (0-5) VP (Kr) (13) 


with p; = the scattering density of the jth layers. Via= 4nr?/3, 
Ey = the outer radius of the it shell, and P(Kr;) being the form 
factor. For a uniform solid sphere, 

P(Kr) = [3(sin Kr — Kr cos Kr)/K°r)] (14) 


Equation (12) can be used to estimate only the lower limit of the 
radius of gyration because we cannot vary N without changing the 
nature of the microemulsion droplets. 


The small angle X-ray spectrometer used in this study is shown 
in Figure 1. A Siemens Kristalloflex-4 generator with a 4Cu0/2 
tube was used as the X-ray source. The X-rays were monochromatized 
to Cu-Ky (A=1.54A) line by a Ni filter and a Kratky slit system 
was used to collimate the incident X-ray beam. We used a Tennelec 
PSD-1100 position sensitive detector which effectively measured 
the scattered intensity simultaneously and gave an improvement by 
a factor of about 40 over a slit and proportional counter detec-— 
tion system. The slit geometry was such that the infinite beam 
length approximation was valid. The sample cells were 2 mm O.D. 
and 0.01 mm wall thickness glass capillaries. A typical measure- 
ment using the position sensitive detector took only half an hour. 


RESULTS 


a) Mean diffusion coefficients and variances: Table 2 

shows the Z average mean diffusion coefficients and their variances 
for all the samples as determined from the linewidth studies. The 
means and the variances were obtained by both the cumulants method 
of data analysis and also by the histogram method. The means are 
in very good agreement except for the case of sample 5 which is an 
O/W microemulsion and has a bimodal distribution. The variances 

as determined by both methods are also in general agreement for 
all the samples. However, the values determined by the cumulants 
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5 |-X-ray generator and collimator 
2- Sample*cell and thermostat 
3-Vacuum tube 
4-Position sensitive detector 


5-Pulse height analyzer 


Fig. 1. Schematic drawing of the small angle X-ray spectrometer 
used in this study. 


method show significant changes for the same sample measured at 
different times; whereas the values obtained by the histogram 
method are more self-consistent and reliable. This is in part due 
to the convergence problems associated with the cumulants expansion 


used in the least squares analysis. The values of the variance 
will change significantly depending on the number of terms used in 
the cumulants expansion (14). The variances given in Table 2 were 


obtained from the highest possible order fit. Convergence also 
accounts for the error in <D>, by the cumulants method for sample 
5 which is highly polydisperse. Consequently, a very large number 
of terms in the cumulants expansion have to be carried in the 
fitting procedure in order to obtain reliable diffusion coeffi- 
cients. 


b) Hydrodynamic radii: We have calculated the effective 
hydrodynamic radii (Lye from <D>, using equation (8). In the com- 
putations we have used n-tetradecane viscosity for samples one 
through four and water viscosity for sample 5. For W/O microemul- 
sions, the surfactant SDS does not dissolve in n-tetradecane but 
the cosurfactant n-pentanol does. As a result, there is probably 
some n—-pentanol in the solvent phase. If all the n-pentanol was 
in the solvent phase, the viscosity would change by a maximum of 
~ 154 and decrease the computed effective radius by the same amount. 
The resultant hydrodynamic radius can be taken as a first approxima-— 
tion to the real hydrodynamic radius of the droplets. There is some 
evidence indicating a fairly weak concentration dependence of the 
diffusion coefficient D for hard spheres (21,22). Alternatively, 
we can compute the real hydrodynamic radius and De (the diffusion 
coefficient at zero concentration) by using the various known 
theoretical expressions. Unfortunately, for hard sphere inter- 
actions (22,23), the hydrodynamic radii obtained are too small to 
be physically realistic. For example, if we use the following ex- 
pressions given by Altenberger (23) for the ratio of the effective 
diffusion coefficient, D.ge to Do> 
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Dee D eee [1-6 (1-2.26) ]/[1-8¢ + 349°] (15) 
eff o 
where ¢ is the volume fraction of the dispersed phase. We obtain 
for sample 3 ( ~ 0.45) Dage/Do = 0-225 and (r,), = 0.225 Cf fe 
16.9A. This value of the radius is physically fuppsciie due to 
the fact that the length of one SDS molecule is about 22°A, there- 
fore the hydrodynamic radius of the’microemulsion droplets must be 
larger than 22°A. Thus, the simple hard core potential assumption 
is not valid for the water in oil microemulsions. It is more lilely 
that the real potential contains both attractive and repulsive 
parts. Overall, D eff must increase with the volume fraction in 
order to be physically acceptable and give a realistic estimate of 
(rq)9- For the 0/W microemulsion, we did not add any electrolytes 
to the solution. Consequently, there is strong electrostatic in- 
teractions between the microemulsion droplets as well as the hy- 
drated SDS in solution. Due to charge interactions, the diffusion 
coefficient is known to increase significantly with concentration 
in SDS solutions (24). Therefore, the hydrodynamic radius computed 
on the basis of the Stokes-Einstein relation may be too small. 


Table 2 also shows repeated measurements made on the same 
samples 6 weeks after preparation and 10 weeks after preparation 
in order to make a quantitative check of the stability of the dis- 
persed phase. For the W/O microemulsions 1, 2 and 3, there is a 
1-2% systematic increase in the diffusion coefficient and a cor- 
responding decrease in the hydrodynamic radius. This slow drift 
is beyond the experimental error limits. Interestingly enough, 
such a trend is opposite to what one would expect. Sample 4 is 
the only sample that seems to have gone through a drastic change. 
Unfortunately, sample 4 scatters light very weakly. As a result, 
the measurements did not have enough precision to warrant a histo- 
gram analysis. From the effective r, values given in Table 2, we 
see that ,sample 4 had an initial effective droplet diameter Ae 
about 30A, but after ten weeks, the sample essentially became a 
molecular solution with an effective r} of 14A which is very close 
to what one can compute from the radius of gyration of the SDS 
molecule with possibly about 5-6 water molecules attached to each 
SDS. Thus, we see that not all of the microemulsions are thermo- 
dynamically stable and can change into a molecular solution under 
conditions as those encountered by sample 4. Again, this change 
is in the opposite direction to the general expectation, but the 
high surfactant to water molecular ratio makes a stable molecular 
solution possible. 


c) Apparent molecular weights and Rayleigh ratios: As we 
cannot generally dilute microemulsions without changing the struc- 
ture of the dispersed phase, we cannot make use of a Zimm plot 
to obtain the molecular weight and the radius of gyration. The 
only information we can obtain are the apparent molecular weights 
and if the asymmetry is large enough, the apparent radius of 
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gyration. For all the microemulsion systems studied, the asymmetry 
was about 1% or less. Therefore, we were not able to determine the 
radius of gyration by means of angular distribution of scattered 
intensity. This finding is in agreement with our hydrodynamic 
radii computed from the diffusion coefficients. 


Table 3 shows the apparent molecular weight for samples 1, 2 
and 3. The calculated molecular weights given in the second column 
were obtained from the hydrodynamic radii listed in Table 2 as fol- 
lows: The W/O microemulsion droplet was considered to be composed 
of an inner core of water and an outer shell of surfactant tails 
and alcohol. The density of the inner core was assumed to be equal 
to the density of water and an average density of 0.8 gr/cc was 
used for the outer shell. The molecular weight calculated in this 
fashion is larger by as much as a factor of two and a half than 
the apparent molecular weight. However, the disagreement is not 
surprising because the concentration dependence of the diffusion 
coefficient on concentration is known to be much weaker than that 
of the scattered intensity (25) due to cancelling effects. In 
Table 3 we have also listed the ratio of the core weight to the 
shell weight. These ratios can be compared with the following 
values, calculated by assuming that all the alcohol and surfactant 
are in the shell region; 0.177 for sample 1, 0.450 for sample 2 
and 0.832 for sample 3. In sample 1, we should note that there is 
3 times more alcohol than SDS and water combined. As most of the 
alcohol is in the solvent phase rather than the shell region, we 
should expect a core weight to shell weight ratio greater than 
0.177. For samples 2 and 3, the ratios given in Table 3 are 
smaller than those obtained from a material balance. The differ- 
ence could be attributed to many factors, such as the use of D 
instead of D, in equation (8). A rough estimate of Lepeaeral 
can be made by comparing the two sets of core weight to shell 
weight ratios. For samples 2,and 3, agreement is obtained when 
the hydrodynamic radii are 61A and 83A instead of 554 and 76A as 
listed in Table 2, corresponding to a 10% increase. Thus, the use 
of equation (3) in estimating r} from D values measured at finite 
concentrations is reasonably good even at high volume fractions 
of the dispersed phase. 


d) Distribution function of the diffusion coefficient: One 
of our main aims in this study was to find out how polydisperse 
the stable microemulsions were and what their distribution func-— 
tions looked like. A convenient measure of polydispersity is the 
variance of the distribution function or the second moment divided 
by the square of the mean (u/T2). Unfortunately, the variance 
does not tell us much about the actual distribution function. 
Questions about the symmetry, the number of peaks in the distribu- 
tion, etc. cannot be answered. Analysis by the histogram method 
using equation (7) however yields the distribution function itself 
directly. Figure 2 shows the normalized distribution functions of 
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the diffusion coefficients obtained in this fashion for samples 1 
(----- Wat owen <t) (and 3. C ). Sample 1 has the narrowest dis- 
tribution and sample 3 has the broadest. Thus, the polydispersity 
seems to increase as the water to surfactant ratio increases. 
Figure 3 shows the normalized bimodal distribution function of 
sample 5, an oil/water microemulsion system. The first peak has 
yD) ue A G(Oey, ok 107/ cm“/sec and the second peak has a D of 2.31 x 

ik Om cm2/sec. We interpret the first peak being due to the micro- 
emulsion droplets and the second peak being due to SDS micelles, 

or possibly due to individual SDS molecules. In sample 5, we do 
not have any dissolved electrolytes to act as counter ions. The 
resultant long range electrostatic interactions could make computa- 
tion of the hydrodynamic radii by means of the Stokes—-Einstein 
equation unreliable. For example, with D = 2.31 x 107 cm2/sec, 
werget rp = 10A which is below the minimum radius, r, = 254, of the 
SDS micelles. Nevertheless, we can probably use the Stokes—Einstein 
relationship to obtain a reasonable r, for the microemulsion drop- 
lets. In fact, the large number of SDS micelles and single SDS 
molecules in solution may provide enough shielding to prevent long 
range electrostatic interactions between the microemulsion droplets. 
If we then take the Stokes-Einstein equation to be valid, we get 
cS 109A for the microemulsion droplets. 


Figure 4 shows the relative errors between an experimentally 
measured autocorrelation function and the fitted histogram function. 
We want to note that the relative error is of the same magnitude as 
the calculated statistical error. 


We also made a check of all the samples to see if there were 
any deviations from the K~ dependence in the linewidth. For 
spheres, the decay time of the autocorrelation function is DK2. 
However, for rods and ellipsoids of revolution, there are addition- 
al terms. Figure 5 shows a plot of the decay time I (from histo- 
gram fits) versus K“, the square of the scattering vector. The 
linear behavior predicted for spheres is very precisely obeyed and 
the intercept is zero. All the samples we studied had similar 
curves leading us to conclude that in all of them, the dispersed 
phase droplets were spherical in shape. 


e) Small angle X-ray results: Initially, we were hoping to 


be able to determine the volume ratios of the shell and the inner 
core region of the droplets as well as the presence of any ordering 
in the samples from X-ray measurements. Due to the high volume 
fractions of the dispersed phase, reliable values for the shell and 
core, radius of gyration could not be obtained. Sample 1 has the 
smallest volume fraction and the scattering curve for it was closest 
to that of a dilute suspension. 


Sample 5 has a strong nearest neighbor Bragg peak. The de- 
smeared scattering curve of sample 5 is shown in Figure 6. The 
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Fig. 2. The normalized histogram distribution functions of the 
diffusion coefficients for samples 1 ----, 2 ...., and 
3 2 
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Fig. 3. The distribution function of the diffusion coefficients 
for sample 5. The peak to the right is the one due to 
SDS micelles, the other one is due to the microemulsion 
droplets. 
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Fig. 4. A typical autocorrelation function and the relative 
errors. . The relative error is: 
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Fig. 5. Linewidth versus K? plot for sample 1 covering the angu- 
lar region 30° to 150°. The slope is the diffusion co- 
efficient D = 1.602 x 10-/ cm2/sec. The line goes through 
zero as expected for spherical droplets. 
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peak corresponds to a spacing of ~ 123A since the hydrodynamic 
radius of the microemulsion droplet as determined by quasielastic 
light scattering is 1094, the Bragg peak cannot be attributed to 
interactions between the microemulsion droplets. We speculate its 
presence as due to interactions between micelles. Schulman and 
coworkers also report a Bragg spacing less than the hydrodynamic 
diameter of drops for an O/W microemulsion (2), and suggest that 
it may be due to the concentrated nature of the solution. 


When we examined the X-ray scattering curve as a function of 
time, the results showed a slight increase in ordering for samples 
1, 2, and 3. Sample 5 seemed to remain unchanged but sample 4 
showed the most drastic change with time. Figure 7 shows the scat- 
tering curve of this sample one day after it was prepared and 10 
weeks later. Right after it was prepared, the X-ray results showed 
that this sample had large microemulsion droplets, r, ~ 200A. This 
is significantly higher) than rp,.= 304 obtained by light scattering 
several days later, indicating that the sample underwent signifi- 
cant changes during the first few days. The X-ray intensity data 
taken ten weeks after shows that the solution is almost a molecular 
solution, yielding an r, ~ 7A (corresponding to an ry, = 9. 2A) stig 
reasonable agreement with the corresponding rp, value of 14A ob- 
tained by QLS. This curve also indicates that there is possibly 
some ordering in the solution, not detectable by light scattering. 


DISCUSSION AND CONCLUSIONS 


We find that QLS is a very good method of investigating micro- 
emulsions because the technique is nondestructive, nondisturbing 
and highly accurate. The diffusion coefficient of the dispersed 
phase is measured very precisely (+ 0.1-.2%); and due to cancelling 
effects, the effective hydrodynamic radii can be obtained with 
reasonable accuracy from the diffusion coefficient. The micro- 
emulsion systems studied, with the exception of sample 4, are very 
stable over long periods of time. There is a very slight change 
(< 2%) over a period of two and a half months but this may be due 
to external factors or a very slow equilibrium process. We were 
especially interested in sample 1 because of its similarity to a 
system studied by Gerbacia and Rosano (16). They report that phase 
separation started after a few months, with complete separation in 
six months and no mixing upon subsequent shaking. Our system did 
not show phase separation and was very stable. Perhaps we can 
attribute the difference as due to the use of tetradecane instead 
of hexadecane or due to the fact that a dye was used by Gerbacia 
and Rosano. We are planning on repeating our measurements with 
hexadecane. Sample 4 started out as a W/O microemulsion with 
fairly large droplet size immediately after preparation (r, = 200A) 
and changed into a molecular solution after some time. The change 
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Fig. 6. Desmeared SAXS curve of sample 5 showing the Bragg peak 
due to strong charge interactions. 
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Fig. 7. SAXS curve of sample 4 in the microemulsion state, solid 
line, and in the molecular solution state ten weeks after 
preparation, +. 
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may be reasonable because the number of water molecules per surf- 
actant molecule is only 6 in sample 4. 


The W/O microemulsion systems 1,,2, and 3 are fairly mono- 
disperse with the largest droplet sizes observed being only three 
times the smallest ones. The O/W microemulsion is considerably 
more polydisperse with the change in size being slightly more than 
an order of magnitude. ae 


All the microemulsion systems studied did not show any devia- 
tions from the spherical shape within the precision of our measure- 
ments. All of our stock solutions were accidentally frozen by 
cooling down to -25°C eight months after their preparation. Upon 
thawing, all the samples were in two "phases" but after gentle 
shaking all of them became single "phase". 
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The conductive and dielectric behavior of water-in-oil, (w/o), 
type transparent isotropic systems using either non-ionic surfact- 
ants or a combination of an ionic surfactant with a medium chain- 
length alcohol used as the cosurfactant was investigated between 
400 Hz and 2 GHz or so. 


For both types of microemulsions, dielectric relaxations of 
the Cole-Cole type were in evidence, along with conduction 
absorptions. The features of the dielectric relaxations were 
found to depend strongly upon the composition and, even when non- 
ionic surfactants were used, upon the temperature. 


A temperature study of the low-frequency conductivity of 
water-in-undecane microemulsions using as the surfactant a blend 
of octylphenylether polyoxyethylenes showed that, as the tempera- 
ture increases, the conductivity decreases down to a minimum whose 
temperature coordinate was found to be equal systematically to the 
solubilization-end temperature corresponding to the system water 
content. Water-in-dodecane systems exhibited the same behavior. 


As concerns microemulsions using ionic surfactants and alco- 
hols, a systematic study performed over T(w/o)> the transparent 


isotropic w/o solubilization area of the pseudo-ternary phase 
diagram of water-hexadecane systems using potassium oleate and 
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l-hexanol, put into evidence drastic variations of both the low 
frequency conductivity and permittivity with system composition 

and allowed to partition Lw/o into three adjacent sub-areas, each 
of which corresponding to a typical dielectric and conductive be- 
havior. The conductivity of these systems proved to be not of the 
percolative type while that of similar systems incorporating 
l-pentanol instead of 1l-hexanol was found to fit in with the 
Percolation and Effective Medium theories. 


All these results suggest that the state of solubilization of 
water is not even throughout the w/o transparent isotropic region 
and that structural changes occur as the composition varies. 


INTRODUCTION 


Microemulsions are of great interest to surface and colloid 
physical chemists, and also because of their numerous potential 
applications in many industrial fields, (1-6), such as, the 
manufacturing of health and food specialties, beauty products, 
paints, varnishes and coatings, the improvement of catalysis pro- 
cesses and the technology of tertiary oil recovery, the microemul- 
sions have been submitted, during the past forty years, to in- 
creasingly intensive investigations using more and more varied and 
sophisticated techniques. Most of the results of these investiga- 
tions, a great number of which have been published in recently 
issued books and symposium proceedings (5,7-8), converge to describe 
microemulsions as resulting from the dispersion of either water in 
a hydrophobic hydrocarbon or the reverse, in presence of a suitable 
surfactant or surfactant combination. The disperse phase is con- 
sidered as consisting of either water or oil (hydrocarbon), minute 
spherical droplets surrounded by surfactant shells, the commonly 
reported droplet size range being 50A - 500A. In the present 
state of knowledge, many important points are still to be eluci- 
dated as concerns microemulsion formation, stability and structure, 
in connection with the chemical nature of the oil type phases and 
of the surface active agents. An interesting review on the subject 
has been contributed by Shah and co-authors (9), who gave also an 
account of historical developments in microemulsion science. 


Among the numerous techniques available to study the physico- 
chemical properties of microemulsions, conductometry and dielec- 
trometry can provide valuable information as to their structural 
and phase behavior (10). That is particularly true as concerns 
w/o type microemulsions, more specifically those using a combina- 
tion of an ionic surfactant such as an alkaline metal soap with 
a cosurfactant such as a medium chain length alcohol. These 
microemulsions have been recognized by Friberg and co-workers 
(11-14), as being directly related to the ternary solutions formed 
by mixing in adequate proportions water, an alcohol and an alkaline 
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metal soap such as potassium oleate. Moreover, Sjoblom and Friberg 
(14) proved through light scattering, density and electron micros-— 
copy experiments, that these systems undergo structural changes as 
the water content is raised in them. Initially, they are in fact 
hydrated soap molecular dispensions in the hydrocarbon-alcohol 
phase, their association leading to solutions of swollen inverse 
micelles taking place at*higher water contents. Similar conclu- 
sions as to the existence of association processes in microemul- 
sions were arrived at also independently by Clausse and co-workers 
(15-19) for other systems than those investigated by Sjoblom and 
Friberg. Aggregation phenomena in ternary compounds analogous to 
microemulsions have been observed as well by Smith and others 
(20,21) on the water/2-propanol/n-hexane system, by Rouviere and 
co-workers (22,23) on the water/AOT/n-heptane or n-decane systems, 
and by Eicke and collaborators (24-29) who performed numerous and 
thorough studies of water-apolar solvent systems incorporating 
either AY or AOT aerosol as the surface-active agent. 


In the following, after a brief account of the data available 
in the literature as concerns microemulsion conductive and dielec- 
tric properties, results will be reported and analyzed that show 
how structural transitions in the transparent isotropic water-in- 
oil solubilization area can be put into evidence by means of con- 
ductometry and dielectrometry. Mention will be made also of the 
occurrence, in certain w/o microemulsion systems, of percolative 
conduction phenomena (30) that appear to depend upon the nature of 
the alcohol used as the cosurfactant, for a given hydrocarbon (31). 


HISTORICAL BACKGROUND 


Earlier conductivity measurements, such as those performed by 
Schulman and McRoberts (32) on systems involving water and benzene 
or paraffin oil, the surfactant being sodium oleate and the co- 
surfactant a cyclic alcohol, were aimed at determining the nature 
of the continuous phase and detecting phase inversion phenomena in 
microemulsions. This approach similar to the one followed in the 
case of coarse emulsions (33,34) appeared soon to be an over- 
simplified one as far as microemulsions are concerned. Schulman 
and co-workers (35,36) remarked that even systems designated as 
being of the w/o type could be fairly conductive and called them 
anomalous systems. Later, Dreher and Sydansk (37) and Jones and 
Dreher (38) reported that isolated conductance experiments could 
yield ambiguous results as to the nature of microemulsion external 
phase. 


In a series of papers published a few years ago (39-41), Shah 
and co-workers reported data gained from correlated conductivity, 
birefringence, interfacial tension and NMR investigations performed 
on water-hexadecane systems using potassium oleate and hexanol as 


202 M. CLAUSSE ET AL. 


the surface-active agents. These authors concluded that, upon 
increasing the water content, these systems undergo a sequence of 
drastic structural changes, in accordance with the following pat-— 
tern which describes in fact a phase inversion mechanism: trans- 
parent dispersions of water-rich spherical droplets in an oil- 
phase, turbid birefringent systems of aqueous cylinders dispersed 
in oil, turbid birefringent lamellar structures of water, oil and 
surfactants, transparent dispersions of oil-rich spherical droplets 
in a water-phase and eventually coarse oil-in-water type emulsions. 
Similar conclusions were reached by Clausse and co-workers (15) who 
showed that transparent isotropic water-in-hexadecane systems 
exhibit Cole-Cole type dielectric relaxations whose intensity is 
strongly dependent upon the water content, the low frequency per-— 
mittivity exhibiting, as the low frequency conductivity does, a 
divergent behavior as the water mass fraction, Pa approaches the 
critical value, Po corresponding to the first transparent-—to- 
turbid transition. A similar behavior was put into evidence later 
by Senatra and Giubilaro (46,47), on water-dodecane systems using 
also potassium oleate and hexanol as the surface-active agents. 

In their preliminary paper on the dielectric behavior of transparent 
water-in-hexadecane systems, Clausse and co-workers (15) stressed 
that the theoretical models designed to account for emulsion elec- 
trical properties (48) cannot be applied in a straightforward way 
to the microemulsion case and suggested that the anomalies ob- 
served (15,16) could be related to the existence of different 
solubilization modes of water in hexadecane, in presence of potas-— 
sium oleate and hexanol. In order to ascertain this suggestion, 
systematic low frequency conductivity and permittivity determina-— 
tions were carried out over the entire transparent isotropic water- 
in-oil type solubilization area of the system pseudo-ternary phase 
diagram. The results of this study which have been reported at a 
recent symposium (17) will be analyzed in following sections of 

the present contribution. It is worth mentioning here that Smith 
and others (20) put into evidence the existence of different 
solubilization modes of water in hexane, in presence of short 

chain length alcohols with no or some hexadecyltrimethylammonium 
bromide or perchlorate added, by conductance and ultracentrifugation 
experiments. In a more recent study (21) conductometry was used 

in conjunction with NMR to investigate the influence of added 
sodium chloride upon the location and stability of the different 
solubilization sub-areas of the phase diagram. 


Another promising issue of electrical studies is the observa- 
tion made by different groups of workers (30,31,42,43) that the 
alcohol chain length has a drastic influence upon the conductive 
behavior of w/o microemulsions using alkaline metal soap/alcohol 
combinations as surface-active agents. For instance, Shah and 
co-workers (42,43) reported that water-in-hexadecane systems in- 
volving potassium oleate and either 1-hexanol or 1-pentanol ex- 
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hibited strikingly dissimilar conductive properties, as concerns 
the conductivity values which were found to be much larger when 
1l-pentanol was used and also as concerns the features of the con- 
ductivity variations upon increasing water content. On the basis 
of these observations and of correlated NMR data, these authors 
proposed to distinguish microemulsions (hexanol as the cosurfactant) 
from co-solubilized systems (pentanol as the cosurfactant).- attiwhlt 
be shown further on that the conductive behavior of the so-called 
co-solubilized systems can be depicted by means of Percolation and 
Effective Medium phenomenological theories (49-52) in a way similar 
to that followed in the case of w/o microemulsions involving tolu- 
ene, 1l-butanol and potassium oleate (30). Percolative conduction 
has also been reported recently in the case of water-in-cyclohexane 
microemulsions involving sodium dodecylsulfate and 1-pentanol as 
the surface-active agents (53). Shah and co-workers also found 
that the features of the dielectric behavior of microemulsion type 
systems depend fairly upon the nature of the surface-active agents. 
Permittivity experiments performed in conjunction with spin-label 
studies on water-hexadecane systems using sodium stearate as the 
surfactant and either pentanol, hexanol or heptanol as the co- 
surfactant led these authors to suggest that the water/oil inter- 
face is affected by alcohol chain length as concerns ionization 

and interfacial polarization (45). In another paper (44) Bansal 
and Shah reported that the changes observed in the dielectric 
relaxations exhibited by 5% sulfonate aqueous solutions with 3% 
isobutanol added reflected fairly well the surfactant formulation 
modifications when ethoxylated sulfonate was progressively sub- 
stituted for petroleum sulfonate. The dielectric relaxation in- 
crement and critical frequency variations were ascribed to micellar 
charge increases. 


Related works that deserve attention are those devoted to the 
dielectric properties of ternary micellar solutions build up with 
water, a hydrocarbon and either AY or AOT aerosols (25,54). For 
instance, Eicke and Shepherd (25) suggested that the non-linear 
variations of the dielectric relaxation increment and the sudden 
increase in conductivity observed upon increasing the water con- 
tent in water/AY/benzene systems could be interpreted in terms of 
association process and micelle conformational change. 


However interesting and significant the results mentioned 
above may be, most of them are somewhat lacking of generality 
since they were derived from experiments limited to some micro- 
emulsion compositions. With this in mind, the authors of the 
present study decided to perform systematic conductivity and per- 
mittivity determinations over the entire transparent isotropic 
water-in-oil type solubilization area of the phase diagram of 
some microemulsion systems, with a view to gain as thorough as 
possible information about the structural behavior of the systems. 
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MATERIALS AND METHODS 


a) Sample preparation: Microemulsion samples incorporating 
non-ionic surfactants were prepared from distilled water and either 
undecane or dodecane from Fluka A.G. (''Purum" grade). The surfact- 
ant used was obtained by blending 10% (w/w) Octarox 1 and 90% (w/w) 
Octarox 5, which are octylphenylether polyoxyethylenes of different 
chain lengths supplied by Montanoir (France). Portions of this 
surfactant blend were mixed at room temperature with either unde- 
cane or dodecane so as to obtain "oil-plus-surfactant" phases 
containing a predetermined surfactant amount and from which micro- 
emulsion samples were made by adding the required amount of water 
and stirring the mixture by means of a magnetic agitator. In order 
to determine the realm of existence of the transparent isotropic 
water-in-oil type systems (i.e., IQ, 5) region) and its boundaries, 
namely the haze curve and the solubilization-end curve, the sample 
phase behavior was studied under conditions of slow heating or 
cooling, in accordance with the method described by Shinoda and 
others (55-59). 


The materials used to prepare microemulsions incorporating 
ionic surfactant were distilled water and "Baker Grade" hexadecane, 
dry pulverulent potassium oleate from Fluka A.G. and either "Baker 
Grade" 1-hexanol or 1-pentanol. The samples were obtained by 
stirring together the four constituents whose proportions had been 
predetermined. All the experiments were performed on systems in 
which the mass ratio of surfactant to cosurfactant was held equal 
to 3/5, this value having been chosen as a compromise for the sake 
of comparison with data available in the literature for similar or 
close systems. The main solubility areas existing within the 
pseudo-ternary phase diagram, in particular Tw/o)? the transparent 
isotropic water-in-oil type solubilization domain were delineated 
through visual observations coupled sometimes with viscosity and 
dilution tests. For both types of systems, sample mass fractions 
were determined from weight measurements made by means of a preci- 
sion balance. Microemulsion stability was checked over several 
weeks by submitting to regular observations test samples stored 
at a fixed temperature. 


b) Dielectric measurements: In the case of microemulsions 
eine non-ionic surfactants, the relative complex permittivity, 
e“* = €' — je" with 7 = V-1, was determined up to 3MHz, with an un- 


certainty of + 0.01 on both €' and e€", by means of Schering bridges 
(General Radio 716C and 716CS1), used in conjunction with a General 
Radio 1232A detector unit and either a General Radio 1210C or 1211C 
oscillator, depending on the frequency range investigated. The 
test cells were Ferisol CS 601 temperature-controlled cylindrico- 
conical capacitors especially designed for liquid studies. Mea- 
surements were also made at 2100MHz by means of a Narda 231N 
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coaxial line powered with a Ferisol OS 301A oscillator connected 
to a Ferisol SCF 201 power supply unit. 


Microemulsions incorporating ionic surfactant were studied 
over the frequency range [5kHz-100MHz] by means of three admittance 
bridges, namely a Boonton 75C bridge between 5 and 500 kHz, a 
Wayne-Kerr B201 bridge between 200kHz and 2MHz and a Boonton 33A 
bridge between 1 and 100MHz. The measuring cells employed were 
temperature-controlled capacitors whose solid silver plate elec- 
trodes, roughened to decrease electrode polarization, are held 
parallel to each other by means of a rectangular Perspex spacer 
containing a cylindrical cavity acting as the sample holder. 
Microemulsions are fluid enough to allow the cavity to be filled 
by means of a syringe introduced into a small conduit drilled 
through the spacer, parallel to the electrode surfaces. Sample 
extraction is performed through a similar conduit, this twin~hole 
design being quite convenient for the cleaning and drying of the 
sample holder between two experiments. Within the frequency range 
[300-2000MHz], permittivity determinations were carried out by 
using an automated coaxial line system designed by Sheppard and 
Grant (60,61). ‘The experimental procedures concerning the use of 
the bridges and of the coaxial line system have been fully reported 
in earlier papers (60-64). With these instruments, the permittivity 
can be determined with a maximum uncertainty of + 0.2 up to 50MHz, 
of + 0.5 at 1LOOMHz, and of + 0.2 between 300 and 2000MHz. 


The low frequency conductivity 0, was measured for both types 
of microemulsions by means of Mullard cells (Philips) used in con- 
junction with either a General Radio 1680 automatically balancing 
admittance bridge working at 400Hz and 1KHz or a semi-automatic 
Wayne-Kerr B331 precision conductance bridge working at an angular 
frequency of 104 rad/s. Using the values of the low frequency 
conductivity, it was possible to compute the values of ER» the 
dielectric relaxation loss factor, by subtracting the conduction 
contribution EG from the global loss factor ¢e'"'. The uncertainty 
on O09 was estimated to be less than 1%. The sample temperature 
was recorded by means of calibrated thermocouple or thermistor 
devices, with an uncertainty of + 0.2°C. 


RESULTS 
MICROEMULSION PHASE DIAGRAMS 


a) Microemulsions using non-ionic surfactants: Figure 1 shows 
a typical water content versus temperature phase diagram obtained 
for water-in-undecane systems with 12% surfactant incorporated in 
the hydrocarbon phase. Such diagrams were delineated by deter- 
mining, for different values of the water mass fraction p,, the 
temperatures corresponding to the haze point and to the solubiliza- 
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Fig. 1. Water content versus temperature phase diagram of water- 
undecane systems with 12% (w/w) non-ionic surfactant 
added to the hydrocarbon phase. I ais is the realm of 
existence of stable transparent isotropic water-in- 
undecane microemulsions. 


tion-end point. Thus it was possible to draw the haze curve C and 
the solubilization-end curve S. Similar diagrams were obtained for 
water—dodecane systems. 


The general characteristics of the plots are consistent with 
those reported by several authors for this type of compound (55-59). 
All over Tiw/o)> water solubilizes in the hydrocarbon phase so as 
to form transparent isotropic w/o type fluid media that remain 
stable during several weeks when stored at adequate temperatures. 
These systems will be referred to as water-in-undecane or water-in- 
dodecane microemulsions. If such a microemulsion, characterized 
with a fixed value of Pyy? is heated above its solubilization-end 
temperature, turbidity is observed and a separation process takes 
place that leads to the splitting of the system into two distinct 
phases. If the microemulsion is cooled down past its cloud point, 
it becomes hazy and eventually undergoes phase separation as well. 


b) Microemulsions using soap-alcohol combinations: Water- 
hexadecane systems using potassium oleate and 1-hexanol combined 


in the 3/5 mass ratio exhibit two areas of transparency (Figure 2) 
that are disjoined and separated by a region within which exist 
turbid phases of high viscosity, in agreement with previous ob- 
servations reported by Shah and co-workers (39-41). 
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Fig. 2. Pseudo-ternary mass phase diagram of water—-hexadecane 
systems using potassium oleate and 1l-hexanol as surface- 
active agents. Potassium oleate to hexanol mass ratio 
equal to 3/5. Curve I represents the border of the 
transparent isotropic water-in-oil type solubilization 
area. Temperature: T = 25°C. 


The main transparent area, outlined by curve I, represents 
the realm of existence Ts/o) of water-in-oil type systems. As 
shown in Figure 2, T w/o) does not adjoin the no-water side of the 
pseudo-ternary phase diagram since a minimum amount of water is 
required to solubilize an ionic surfactant such as a soap ina 
alkane-alkanol mixture (65). On the contrary, LiGe/6) does reach to 
the no-oil side of the pseudo-ternary phase diagram, which is an 
indication that the water-in-hexadecane solubility area is con- 
nected to the region of inverse micelles existing in the water/ 
soap/alcohol ternary phase diagram. This result conforms to the 
general statement made by Friberg and co-authors as to the con- 
tinuity between w/o type microemulsions and inverse micellar solu- 


tions of hydrated soap in alkanols (11-14). 


As concerns stability, samples with compositions falling 
within Tw/o) did not exhibit, when stored at room temperature 
during several weeks, any noticeable changes, as proved from 
repetitive visual observations and conductivity and permittivity 
tests. This behavior is remarkably different from that of samples 
with compositions falling outside I w/o)? though close to curve I, 
in which phase separation takes place after periods ranging from a 
few hours to several days. Details about these phenomena can be 


found in references (15) to (17). 
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DIELECTRIC AND CONDUCTIVE PROPERTIES OF MICROEMULSIONS 


a) General features: Experiments showed that, for any com- 
position belonging to IL (w/o 0}? systems incorporating either non- 
ionic surfactants or ae alcohol combinations exhibit dielectric 
relaxations along with conduction absorptions which are preponderant 
in the lower frequency range. By subtracting the conduction con- 
tribution, ECs determined through low frequency conductivity mea- 
surements, from the global loss factor ¢€"', it was possible to 
compute at every frequency the value of the dielectric loss factor, 
ERs and to plot it versus that of €* so as to obtain Cole-Cole dia- 
grams characteristic for microemulsion dielectric relaxations. 
Typical Cole-Cole plots thus obtained are displayed in Figures 3 
and 4. By using computerized curve-fitting procedures derived from 
the method proposed by Marquardt and co-authors (66,67), it was pos- 
sible to check that the frequency variations of the microemulsion 
relative complex permittivity are depictable by means of the Cole- 


Cole formula as modified by the addition of an ohmic term: 


€, -— € Oo 

* gL h QR 

Soe AMSan = + : Gy 
aes v/v.) (1-a) 2mjVve, 


where Og represents the low-frequency conductivity and €j and €9 
the relative permittivity respectively at the high frequency end 
and at the low frequency end of the dielectric relaxation frequency 
range, €, being the absolute permittivity of free space. WV is the 
frequency of the applied electromagnetic field and Vo the critical 


frequency, being the frequency spread parameter. 


Since the constituents used do not exhibit intrinsic dielec- 
tric relaxations in the lower and medium radio-frequency range, 
the occurrence in w/o microemulsions of dielectric relaxations 
located below 50 MHz or so is to be considered as related to 
system local heterogeneities created by the dispersion of water 
in the oil type phase. On the basis of experimental and theoreti- 
cal results available for coarse emulsions (10), it may be inferred 
that the Cole-Cole type dielectric relaxations put into evidence 
arise from migration (or interfacial polarization) phenomena con- 
nected to the existence of water/oil interfaces. In that respect, 
it is gratifying to observe that the relaxation frequency range of 
microemulsions using ionic surfactant is located at higher fre- 
quencies than that of microemulsions using non-ionic surfactant 
(Figures 3 and 4) and that the critical frequency Ve decreases 
when the water content increases (Figure 4). However, other fea- 
tures do not comply generally with the classical models (48,68) 
that have proved suitable to depict emulsion dielectric behavior 
(10). In particular, Peyrelasse and co-workers (16,19) obtained 
rather surprising results as concerns the variations of several 
dielectric parameters with temperature. For instance, it was 
found that as the temperature increases from 20 to 40°C, the 


PROPERTIES OF WATER-IN-OIL TYPE MICROEMULSIONS 209 


I 
ER 
1MHz 


& 5 pes 


Fig. 3. Cole-Cole plot characteristic for the dielectric relaxa- 
tion exhibited by microemulsions using non-ionic surfact- 
ants. Mass proportion of surfactant in the undecane 
phase: 12%. Mass fraction of water in the system: 

Dp, ~ 0-093.. “Temperature: T= "36°C. 
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Fig. 4. Cole-Cole plots characteristic for the dielectric relaxa- 
tions exhibited by water-in-hexadecane microemulsions 
using potassium oleate and l1—hexanol. Potassium oleate 
to 1-hexanol mass ratio equal to 3/5. Combined surface 
active agent to hexadecane mass ratio equal to 2/3. Di 
represents the mass fraction of water. Temperature: 

T = 25°C. The frequencies are indicated in MHz. 


dielectric relaxation of water-in-hexadecane microemulsions shifts 
first towards lower frequencies and then back towards higher fre- 
quencies whilst the low-frequency permittivity €, first increases, 
reaches a flat maximum centered around 27°C and then decreases 
(16). Moreover, as it will be reported later, w/o microemulsions, 
unlike coarse w/o type emulsion systems, are fairly conducting 
even at low water contents and display upon varying composition 
very peculiar variations in their low frequency permittivity €9 
and therefore in the dielectric relaxation increment (EQ - Ep)» 
and in their low frequency conductivity 0g as well. These phe- 
nomena suggest that the model of isolated shell-covered aqueous 
spheres dispersed within an oil-rich phase does not hold all over 
I w/o)> which is an indication that the state of water "solubiliza- 
tion" is not even throughout Tiy/o)» Owing to association and 
aggregation processes. 
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b) Microemulsions using non-ionic surfactants: Systematic 


conductance measurements (19) showed that the low frequency con- 
ductivity of a water-in-undecane or water-in-dodecane microemulsion 
characterized with a fixed value of the water mass fraction p, de- 
creases down to a minimum upon varying the temperature T from the 
cloud point to the solubilization-end point. A further tempera- 
ture increase past the solubilization-end point induces a con- 
ductivity increase. It was found that the temperature at which 
the conductivity is minimum, T,, is equal to the solubilization- 
end temperature, whichever the value of p,. On the basis of this 
result, solubilization-end curves have been redetermined quite 
accurately, as illustrated by Figure 1. Parallel to the oy de- 
crease, it was observed that upon increasing T, the low frequency 
permittivity €9 decreases as well while the critical frequency Ve 
increases, €; , the high frequency permittivity, and a, the fre—- 
quency spread parameter, undergoing no meaningful variations. The 
influence of the water mass fraction p,, upon the dielectric param- 
eters proved to be rather complex because of the correlation be- 
tween €, and 0g resulting from the tight Pere connection. 


c) Microemulsions using soap-alcohol combinations: The 
pseudo-ternary phase diagram of water-hexadecane systems using 


potassium oleate and 1-hexanol combined with the mass ratio 3/5 
having been determined, permittivity and conductivity measurements 
were performed all over I w/o)? the transparent isotropic w/o type 
solubilization area (Figure 33” 
Figure 4 shows typical variations of the dielectric relaxation 
with water content as recorded along a line stretched across Lw/o) 
and directed towards the 100% water vertex of the pseudo-ternary 
phase diagram, that is for systems characterized with a fixed ratio 
of combined surface-active agents to hexadecane and enriched gradu- 
ally with water. While dielectric relaxation phenomena are hardly 
detectable at low water contents, systems characterized with higher 
water contents exhibit striking dielectric relaxations, the dielec-— 
tric increment (Ey = Ep) increasing drastically as Pe approaches 
the critical value corresponding to the transparent-to-turbid 
transition. The increase in (Eg - Ep) results from the drastic 
increase in the low frequency permittivity Eg whose variations 
with Pp, are plotted in Figure 5a. While at low water contents, EQ - 
increases slowly and almost linearly with Pie tbydisplays ar diver. 
gent behavior in the vicinity of the T w/o) border line I. Simi- 
larly, upon increasing p,,, the low frequency conductivity Og Git 
creases, reaches a maximum, then decreases down to a minimum and 


eventually follows a sharply ascending branch, as Eg does (Figure 
Shoes 


With a view to investigate thoroughly the way in which the 
dielectric and conductive behavior depends upon system composition, 
systematic determinations of both Eg and Og were made all over 
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] (b) 


Fig. 5. Variations of the low frequency permittivity €g and con- 
ductivity 0g observed upon increasing water content in 
water-in-hexadecane systems. Specifications identical to 
those ef Figure 4. (a) €g versus p, curve; (b) Og versus 
Pp, curve. 


*(wlo)? according to the experimental procedures indicated there- 
after. Runs of experiments were performed along lines parallel to 
either side of the pseudo-ternary phase diagram, that is for 
series of systems in which either Pj», the hexadecane mass fraction 
(Type 1 experiments), or p_, the water mass fraction (Type 2 ex- 
periments), or Pys the combined surface-active agent mass fraction 
(Type 3 experiments) were taken as parameters and ascribed fixed 
values, as sketched on Figures 6a to 6c. By changing step by step 
the values of either pp, Die Ol Dies T (w/o) was swept up and down 
entirely by turns along the three main directions of the pseudo- 
ternary phase diagram. By combining all the data gained in this 
way, it was possible to cover Liwy/o) with a tight network of per- 
mittivity and conductivity values. 


Figure 7 shows Eg versus Pp, plots obtained for different 
values of pp, the hexadecane mass fraction (Type 1 experiments). 
For any value of pj, the curves consist of two branches. The lower 
branch corresponds to a moderate and almost linear increase in EQ 
with p,,, while the upper branch, which is sharply ascending, repre- 
sents a drastic increase in Eg upon py, approaching its critical 
value located on the I w/o) border line I. The water mass frac- 
tion at which both branches are joined has been labelled Pays Py 
is a decreasing function of pp. As shown in Figure 8, the low 
frequency conductivity 09g undergoes non-monotonous variations as 
Py increases. Pp, being fixed, Og first increases, reaches a maxi- 
mum to which corresponds the value Py of the water mass fraction, 
decreases down to a minimum marked with the value pe and then in- 
creases drastically as p,, gets closer to its critical value. De 
and py are both decreasing functions of pj). It was observed that, 
for a given value of Ph» the values of pd, and Pie are close to each 
other, with a discrepancy of less than 0.03 or so. It must be 
remarked that the features of the €g and Og curves reported in 
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Type 1 experiments 


(py constant) 


Type 2 experiments 


(py constant) 


Type 3 experiments 


(p, constant) 


Fig. 6. Schematic pseudo-ternary phase diagrams showing lines 
along which permittivity and conductivity measurements 
were performed. (a) Type 1 experiments, p, constant; 
(b) Type 2 experiments, P,, constant; (c) Type 3 experi- 
ments, P, constant. 


Figures 7 and 8 are similar to those of the corresponding curves 
in Figure 5. It was checked that the values of ep Bee and pd 
determined by both methods are consistent. 


In Figures 9a and 9b are reported typical curves obtained 
through Type 2 experiments. For a given value of the water mass 
fraction Pyy> both EQ and Op first decrease to minima, marked 
respectively with values Px and Pt of the combined surface-active 
agent mass fraction p,, then increase when the lw/o border line 
I is approached. As in the preceding case, it was observed that, 
for any value of Pos ene values of Da and Pt are almost equal. As 
shown in Figure 10, the €g versus Py, curves do not intersect and 
are regularly ordered, the top curve corresponding to the greatest 
value of p,, and Px increasing with Py: Similar features were 
found for the Og versus p, curves. 


No extrema or kinks were found on the €g and Og versus Pry 
curves determined through Type 3 experiments, which is quite con- 
sistent with the results gained from Type 2 experiments. It can 
be deduced from Figure 10 that, at a fixed value of Pyro €g in- 
creases monotonously with the water mass fraction p_. Og exhibits 
a similar behavior, as illustrated by Figure 11 on which the filled 
circles represent the variations of Og upon water content increas- 
ing in water-in-hexadecane systems in which the mass fraction Ps 
of combined potassium oleate and 1-hexanol was kept equal to 0.40. 
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Fig. 7. Variations of the low frequency permittivity €g with in- 
creasing water mass fraction Py in water-hexadecane sys- 
tems using potassium oleate and 1—-hexanol combined with 
the mass ratio 3/5, for different values of Pp» the hexa- 
decane mass fraction. Temperature: T = 25°C. 


In the pseudo-ternary phase diagram, the points representative 
of the system compositions defined by the values of Dee Dos poe Ps 
and pJ are not scattered at random but define two curves, ry and 
To, that divide law 0) into three adjacent sub-areas designated A, 
M and C in Figure 2. Curve I’; is determined from the values of Pp 
that correspond to conductivity maxima as recorded through Type l 
experiments. As shown in Figure 2, for values of py, greater than 
0.15 or so, I’; is a smooth curve stretching across I w/o) while 
gradually stepping away from I as Ph decreases. For values of Ph 
smaller than 0.15 or so, ry exhibits a marked curvature and even- 
tually parallels roughly the no-oil side of the pseudo-ternary 
phase diagram. As reported in an earlier paper (17), it was found 
that the values of pas Pe» PD, and os are satisfactorily correlated, 
which allows to define curve I’, that runs across I w/o) almost 
parallel to the lower part of the border line I’ (Figure 2). 


Complementary conductance experiments were made with a view 
to investigate the influence of the cosurfactant upon microemulsion 
conductive properties. Comparative Type 3 measurements were per- 
formed on water-in-hexadecane systems using potassium oleate com- 
bined in the 3/5 mass ratio with either 1-pentanol or 1-hexanol. 
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Fig. 8. 
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Variations of the low frequency conductivity Og with p,. 
Specifications identical to those of Figure 7. 
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Fig. 9. Variations of the low frequency permittivity €g and con- 
ductivity Og with p,, p,, being kept equal to 0.35. Other 
specifications identical to those of Figures 7 and 8. 

(a) Permittivity curve; (b) Conductivity curve. 
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Fig. 10. €pversus p, curves showing the influence of Pye Spe- 
cifications identical to those of Figure 9. 
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Fig. 11. Comparative conductive behavior of water-in-hexadecane 
systems using potassium oleate as the surfactant and 
either l-pentanol or 1—hexanol. Soap to alcohol mass 
ratio equal to 3/5. Combined soap and alcohol mass 
fraction Ps equal to 0.40. o represents the water 
volume fraction. Temperature: T = 25°C. 


It can be remarked from Figure 11 that the substitution of 1-pen- 
tanol for 1-hexanol induces drastic changes in the microemulsions 
conductive behavior. While the conductivity of 1-hexanol using 
microemulsions remains relatively small and increases moderately 
with water content, that of 1l-pentanol using microemulsions is 
much higher and increases drastically upon water content increas-— 
ing past a critical value. The 0g versus o curves recorded on 
systems incorporating l-pentanol are quite similar to those ob- 
tained by Lagourette and co-workers (30) in the case of water- 
toluene systems using potassium oleate and 1-butanol and, con- 
sequently, can be analyzed in the same way by using Percolation 
and Effective Medium theories (Figure 12). This result reveals 
the influence of the cosurfactant nature upon the occurrence in 
microemulsion type systems of percolative conduction phenomena. 

In that respect, Clausse and co-workers (31) evidenced the strong 
influence of alcohol conformation upon the phase behavior and con- 
ductive properties of microemulsions using a straight or a branched 
alcohol belonging to the series of pentanol isomers. In addition, 
in the case of systems with a unique transparent monophasic domain, 
it was proved that the arch-like geometry of conductivity plots 
was characteristic for o/w to w/o microemulsion inversion. 
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Fig. 12. Reduced conductivity versus disperse volume fraction 
plot for water-in-hexadecane systems using a potassium 
oleate and 1-pentanol combination, as obtained from the 
application of the Percolation and Effective Medium 
theories. The solid line represents the E.M.T. curve. 


DISCUSSION 


The division of Tw/o) into three adjacent sub-areas, as re- 
vealed from low frequency conductivity and permittivity measure- 
ments performed on water-in-hexadecane microemulsions using 
potassium oleate and 1—hexanol, can be interpreted in terms of 
conformational and topological changes taking place as the system 
composition varies. Consequently, each of the sub-areas labelled 
A, M and C in Figure 2 can be assigned compositions corresponding 
to distinct modes of water "solubilization" in hexadecane, in 
presence of potassium oleate and 1-hexanol. 


Within A, that is, in the upper part of Tw/o)> potassium 
oleate is in excess compared to the amount of water, and the sys- 
tems consist of dispersions in the alkane-alkanol phase of hydrated 
soap molecular aggregates resulting from the preferred association 
of both water and soap. Thus curve Py defines compositions cor- 
responding to the onset of the building up of stable water-swollen 
micelles whose realm of existence is sub-area M. Upon crossing 
curve Io, the surfactant-to-water ratio becomes too small to secure 
micellar stability and the inverse micelles tend to coalesce, which 
results in the formation of micelle clusters, a process that is 
predictive of system destabilization and transformation into turbid- 
like structures as I is reached to and stepped across. 
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As reported elsewhere with full details (17), this interpre- 
tative scheme is quite consistent with the data gained from con- 
ductivity and permittivity measurements. The non-monotonous 
variations of 0, with p,, recorded through Type 1 experiments and 
illustrated by the curves reported in Figure 8 can be explained as 
follows. The initial conductivity increase with p,, varying up to 
oe is induced by soap solubilization enhancement upon increasing 
water content till Tj, is reached (sub-area A). Once all the soap 
is engaged in micelle shells, further water mass fraction increases 
beyond Pe occasion mainly inverse micelle swelling, (sub-area M), 
and the system conductivity decreases, owing to this dilution type 
process. The parallel moderate increase in EQ observed as Bes in- 
creases up to Pe arises from the progressive enhancement of system 
global polarization resulting simultaneously from the enrichment 
with the constituent with the largest static permittivity (i.e., 
water), and from the growing contribution of migration polarization 
phenomena due to water/hexadecane interface development (sub-areas 
A and M). When the system composition is varied so that curve I'9 
is crossed, further additions of water result in Eg and Og sharp 
increases because of the formation of non-spherical clusters and 
conducting paths within the systems. A similar scheme holds for 
the variations in €g and Og when the system composition is varied 
while the mass fraction of water Py is kept constant (Type 2 ex- 
periments). As the proportion of combined surface-active agents 
is lowered in systems with compositions belonging to sub-areas A 
and M, €g and 0, decrease, owing to the progressive system enrich- 
ment with hexadecane that is the constituent having the smallest 
permittivity and conductivity. As soon as l'5 is reached, €g and 
Og increase sharply with Pj, because of the spherical to non- 
spherical topological changes induced in the systems by surface- 
active agent deficit. The partition of T w/o) into three adjacent 
sub-areas, to which are assigned compositions corresponding to 
molecularly dispersed hydrated soap (sub-area A), water-swollen 
inverse micelles (sub-area M) and micelle clusters (sub-area C), 
allow to explain the striking modifications in dielectric behavior 
observed in water-in-hexadecane systems as the water content is 
raised in them. At low water contents, that is, for compositions 
falling in sub-area A, dielectric relaxation phenomena are hardly 
detectable. Owing to the presence of spherical micelles in systems 
with compositions belonging to sub-area M, dielectric relaxations 
arising from migration polarization phenomena are then noticeable, 
smooth increase of the dielectric increment with p, being related, 
as in the case of stable coarse emulsions (10), to the progressive 
growth of the water/oil interface. By contrast, within sub-area 
C, the dielectric relaxation intensity is very sensitive to com- 
position and increases drastically when the border line I is ap- 
proached, as illustrated by-the Cole-Cole plots reported in Figure 
4 and by the €g versus p,, curve in Figure 5a. This phenomenon 
arises from the system migration polarization drastic enhancement 
induced by micelle clustering and cluster interlinking processes. 
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Similarly, the dielectric and conductive behavior of either 
water—in-undecane or water-in-dodecane microemulsions using non- 
ionic surfactants could be accounted for on the basis of the occur- 
rence within I w/9)? of system conformational changes. In that 
case, however, the situation is more complicated, owing to the 
P,y-I correlation. In particular, as suggested already in a pre- 
vious paper (19) the deerease of Og observed upon increasing the 
temperature T in microemulsions characterized with a fixed value 
of the water mass fraction Py could be ascribed to repetitive 
aggregational processes, the systems becoming the most "emulsion- 
like" when the solubilization-end curve is reached. 


The conclusions arrived at through the present study are quite 
consistent with those reached by other scientists who used other 
systems and/or investigation techniques concerning the structural 
behavior of microemulsion systems of the water-in-oil type. For 
instance, on the basis of NMR, ultraviolet spectroscopy, light 
scattering, Fischer titration, ultra-centrifugation and density 
experiments, Friberg and co-workers (11-14) claimed that w/o type 
microemulsions using an ionic surfactant such as a soap and a co- 
surfactant such as a medium chain-length alcohol are structurally 
identical to inverse micellar solutions obtained from the so-called 
"structure-forming" components, that is, water, surfactant and co- 
surfactant (11). Consequently, in the pseudo-ternary phase diagran, 
the transparent isotropic water-in-oil type solubilization area 
Lw/o) is the transposition, upon addition of hydrocarbon, of the 
region of inverse micelles existing in the water-surfactant - co- 
surfactant ternary phase diagram. In a recent paper (14), Sjoblom 
and Friberg reported that the intensity of light scattered by 
ternary systems involving water, potassium oleate and 1-pentanol 
increases sharply when the water mass fraction exceeds 15% or so. 
Similar phenomena were observed in microemulsions obtained by 
adding to the ternary systems different amounts of hydrocarbons 
such as benzene, decane or phenyldodecane. Density measurements 
and electron microscopy observations confirmed that, at low con- 
tents, the systems consist of molecular dispersions of hydrated 
soap, association to inverse micelles taking place at higher water 
contents. The authors reported that the nature of the hydrocarbon 
has an influence upon the onset of the association process, aromatic 
hydrocarbons lowering the association concentrations. 


A partition of the transparent isotropic water-in-oil type 
solubilization area has been proposed as well by Smith and others 
(20,21) who investigated the phase and structural behavior of oil- 
continuous systems composed of water, hexane, 2-propanol, with or 
without addition of hexadecyltrimethylammonium bromide or per- 
chlorate. The techniques used were conductometry, ultracentrifuga- 
tion and, later, NMR. Smith and coworkers (20) put into evidence 
kinks on conductivity curves as the system composition was varied 
by increasing 2-propanol content. Plotting in the phase diagram 
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the compositions corresponding to the kinks led to a partition of 
the transparent w/o type solubilization area into three adjacent 
sub-areas. From ultracentrifugation experiments, each of these 
sub-areas was assigned compositions corresponding to either 

ternary molecular solutions or small aggregates of water and 
2-propanol in a hexane-rich medium or w/o microemulsion type sys- 
tems. The incorporation of surfactant did not affect fundamentally 
the phenomena and the addition of sodium chloride in the aqueous 
phase induced a shift in sub-area boundaries, as shown by NMR ex- 
periments (21). 


Aggregation and association processes have been reported also 
in the case of ternary systems involving water, a hydrocarbon and 
either sodium di-2-pentylsulfosuccinate or sodium di-2-ethylhexyl- 
sulfosuccinate (AY or AOT aerosol, respectively) (22-29). The 
behavior of inverse micellar solutions formed with water, AOT and 
either n-heptane or n-decane was investigated recently by Rouviere 
and co-workers (22,23) through viscosity, density, diffusivity and 
Kerr effect experiments. According to these authors, conforma- 
tional changes can be detected as the water content is raised, 
which leads to the division of the region of inverse micelles into 
three distinct sub-areas. Up to a water-to-AOT molar ratio equal 
to 8 or so, addition of water causes the formation of hydrated 
surfactant aggregates, as suggested by the sodium self-diffusivity 
decrease, the viscosity increase and the water proton chemical 
shift determinations that show water to be only slightly hydrogen- 
bonded. For water-to-AOT molar ratios ranging from 8 to 35, NMR, 
viscosity and sodium diffusivity measurements converge to indicate 
that water is hydrogen-bonded and engaged in inverse micelles 
whose geometry and mean size varies moderately with the water 
content. When the water-to-AOT molar ratio exceeds 35, the vis- 
cosity increases with the addition of water, which was ascribed 
by the authors to the deformation of the disperse micelles that 
were considered as being spheroids since the systems exhibited 
electrical birefringence. It is worth pointing out that the vis- 
cosity increase could be regarded alternatively as resulting from 
micelle clustering and cluster interlinking, which would be com- 
patible with system electrical birefringence and could explain 
the sodium diffusivity increase that was not given any interpre- 
tation by Rouviere and his co-workers. 


In a series of papers (24-29) Eicke and co-workers reported 
results of thorough studies performed on inverse micellar systems 
involving hydrocarbons such as benzene or isooctane and surfact- 
ants such as AY or AOT aerosols. Dielectric, conductance, ultra- 
centrifugation, NMR, light scattering, fluorescence depolarization 
and photon correlation spectroscopy techniques were used. The 
main conclusions arrived at are the following ones, as expressed 
in (29). For water-to-AOT molar ratios smaller than 10, water-in- 
isooctane systems consist of dispersions of hydrated soap aggre- 
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gates behaving like rigid molecules in the temperature range 
(0-50°C). At temperatures greater than 50°C, the water appears to 
be not so highly bonded and can be observed as apparently free, 
owing probably to thermal activation. When the water-to-AOT molar 
ratio exceeds 10, which seems to be a characteristic limit, the 
systems incorporate water as a distinct phase, with a surfactant 
monolayer separating it,from the continuous hydrocarbon phase. 
Discussing the effect of temperature upon system behavior and the 
reliability of the equipartition model, Zulauf and Eicke (29) pro- 
posed two interpretations to account for the discrepancies observed 
between results gained from ultracentrifugation and from photon 
correlation measurements. First, a collective analysis of the 
available data suggests that the microemulsions are polydisperse, 
the size distribution being of the Gaussian type with a possible 
20% width around the radius value predicted from the equipartition 
model, which implies that the polydispersity increases with the 
water-to-AOT molar ratio. Alternatively, the authors suggested 
that micelle radius increase could be ascribed to a coalescence 
process resulting from constituent partial mutual solubilization 
at a molecular level and subsequent shell reorganization phenomena. 
It is worth pointing out that both interpretations do not exclude 
each other a priori and could concur in support of the interpre- 
tative scheme designed by the authors of the present paper to 
account for the dielectric and conductive behavior of w/o type 
microemulsion systems. In that respect it should be noted that, 
as reported elsewhere (17), curve Te defines in the pseudo-ternary 
phase diagram (Figure 2) for hexadecane mass fractions greater 
than 0.15 or so, compositions in which the water-to-surfactant 
ratio remains almost constant and equal to 19 or so, which implies 
a constant value of 77A or so for the micelle radius at the 
aggregate-micelle transition. 


By the light of the results reported in the present contribu- 
tion as to w/o microemulsion type system electrical behavior and 
of data available in the literature concerning other physico- 
chemical properties, aggregation and association processes appear 
to be one of the general clues towards the understanding of w/o 
type microemulsion formation, stability and structural and phase 
behavior. In that respect, a very promising issue of conductivity 
investigations is the discovery, by Lagourette and coworkers 
(10,30,31), and by Lagues and others (53,69) that certain w/o type 
microemulsion systems exhibit an electrical conductivity of the 
percolative type. Percolation is a very general phenomenon en- 
countered either in macroscopic physics, as concerns for instance 
the displacement of fluids through porous media, or in microscopic 
physics, as concerns for instance transport properties in media 
presenting local heterogeneities associated with fluctuations in 
composition, density or bond configuration. Percolation theory 
as applied to the case of electrical conduction in locally hetero- 
geneous systems has been given a tractable formulation by different 


222 M. CLAUSSE ET AL. 


authors (49-52), in particular by Kirkpatrick (49,50) on the basis 
of numerical simulations on resistor networks. The basic problem 
is the following one. In a conductor-insulator binary composite, 
no bulk conduction phenomena can take place as long as the conductor 
concentration is smaller than a critical value called the percola- 
tion threshold. For conductor concentrations exceeding slightly 
the percolation threshold, the composite exhibits a non-zero con- 
ductivity owing to the existence of conducting paths stretching 
throughout the sample. Then, the conductivity is a sharply in- 
creasing function of the conductor concentration. The conductive 
behavior of the composite can be depicted by the following set of 
equations (52) 


o<o , o=0 (2a) 
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In these equations, ¢ Per eset es the volume fraction of the con- 
ductor constituent and ® the critical volume fraction correspond- 
ing to the percolation threshold. oO is the binary composite con- 
ductivity and 0, the conductor constituent conductivity, 05 being 
equal to zero since the other constituent is assumed to be of the 
insulator type. Equation (2a) states that the percolation phenom- 
enon is a rigorous one, the conductivity being null as long as 

@< oF, Equation (2b) is a scaling law depicting the conductive 
behavior in the vicinity of the percolation threshold, the value 
of the critical exponent Y being 1.6 to within + 0.2. Equation 
(2c) expresses the composite conductivity dependence upon con- 
ductor concentration beyond the percolation threshold. Equation 
(2c) is a simplified form, valid in the case of conductor-insula- 
tor mixtures, of a more general equation derived in different ways 
by Bruggeman (70), Bottcher (71) and Landauer (72) and known as 
the Effective Medium Theory, (E.M.T.), formula: 
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It must be remarked that the simplified E.M.T. equation (2c) can 
represent a rigorous percolation regime characterized with the 
critical value © = 0.33. In fact, numerical simulation data and 
experimental results show that @| does not represent an actual 
percolation threshold in the case of three-dimensioned systems. 
Another remark is that the 0.4 volume fraction value appearing 

in the inequalities at the left side of equations (2b) and (2c) 
is only an indicative one and that the validity domains of (2b) 
and (2c) do overlap. As concerns 6, different values ranging 
from 0.15 or so to 0.29 or so have been proposed for three- 
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dimensioned systems, depending upon their internal configuration. 
Details on the subject can be found in references (49) to (52). 


Studying the electrical behavior of water-in-toluene micro- 
emulsion systems using potassium oleate and butanol, Lagourette 
and co-workers (10,30) found that the dependency of the low fre- 
quency conductivity Og wpon increasing water content in systems 
characterized with a fixed mass fraction p of combined surface- 
active agents was depictable by using the scaling and E.M.T. 
formulae (2b) and (2c). The conductivity curve fitting procedure 
used showed that 0.29 could be retained as the value of the per- 
colation threshold oF, It is worth mentioning that, according to 
Kirkpatrick (50), 0.29 represents the percolation threshold (in 
terms of volume fraction) of a continuum percolation model in 
which the percolation sites are assumed to be surrounded by iden- 
tical spheres permitted to overlap and with centers randomly dis- 
tributed, which is a geometrical situation particularly suitable 
to depict microemulsion conformation and internal interactions. 
Comparing the value’ 0.29 with the value of the critical water 
volume fraction yielded 1.18 for the ratio (a/a,) of the droplet 
conductive radius, a, to the water core radius, ane  thisetigure-1s 
in excellent agreement with the 1.17 value reported by Lagues and 
co-authors (53) who determined it through neutron scattering ex- 
periments performed on water-in-cyclohexane microemulsions using 
sodium dodecylsulfate and 1-pentanol. 


As shown in Figure 11, the conductivity Og of water-in- 
hexadecane microemulsions using 1-—pentanol exhibits variations 
with the water volume fraction %_ that are characteristic for a 
percolative behavior. Figure 12 shows the dependency of Og upon 
@, the volume fraction of the disperse phase (water plus combined 
surfactant membrane), as resulting from the application of the 
Percolation and E.M.T. formulae. It is readily seen from Figure 
12 that the experimental data are fitted quite well by equation 
(2c), “fore? rangine from 0.4 or so up ‘to 0.73 0r so, this Latter 
value being almost equal to the limit corresponding to the maxi- 
mum packing of identical spheres, namely (1Y2)/6 = 0.74. An 
interesting consequence of this result is the following one. 
Since 0,, the internal phase conductivity, can be identified with 
o(1), the value of 6, obtained by extrapolating at @ = 1 the con- 
ductivity curve, it appears that 0; does not depend upon water 
content although the surfactant proportion is kept constant in the 
systems. This is an indication that the conductive behavior of 
such percolating microemulsions does not reflect a volume conduc- 
tion mechanism but more likely, as suggested by Lagourette and 
co-workers (30), and Lagues and co-workers (53), an interfacial 
one related to the number of ions available at the water/oil 
interface (31). As illustrated by the characteristic toe at the 
bottom of the diagram reported in Figure 12, the variations of the 
conductivity 0, in the vicinity of the percolation threshold are 
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satisfactorily depicted with the scaling formula (2b) in which 

oP = 0.29. Below © » Og exhibits very low values but is not 
strictly null as it must be in the case of a rigorous percolation 
regime. This residual conductivity could result from the contri- 
bution of electrophoresis type phenomena affecting the disperse 
aqueous globules at low water contents (16,30,53). 


Topological aspects of percolation phenomena occurring in 
microscopically inhomogeneous media have been given schematic 
descriptions, for instance by Kirkpatrick (49,50), and by Cohen 
and co-authors (51,52). In a conductor insulator binary composite, 
conducting clusters remain isolated one from another for values 
of ©, the conductor volume fraction, smaller than the percolation 
threshold oF which inhibits electrical conduction throughout the 
sample. Upon enriching the system with the conductor component, 
clusters connect progressively one with another until the forma- 
tion, at ® = ®, of a conducting path stretched across the sample 
that acquires then a non-zero conductivity. With ® increasing 
beyond ® , the cluster association process goes on and the system 
conductivity increases in proportion to it. As stressed by 
Lagourette and co-workers (30), this descriptive model seems to 
be applicable to the case of microemulsions and meets the bicon- 
tinuous structure model developed by Scriven (73,74) and the 
Voronoi tesselation model introduced by Talmon and Prager (75,76). 


To add a final touch to this discussion about percolation in 
microemulsion systems, it is worth pointing out that the occurrence 
of percolative conduction phenomena in microemulsions appears to 
depend strongly upon the chemical nature of the constituents (31). 
The influence of the cosurfactant is strikingly illustrated by the 
comparative plots in Figure 11 showing the discrepancies existing 
between the conductive properties of water-in-hexadecane micro- 
emulsions incorporating l-pentanol and of water-in-hexadecane 
microemulsions incorporating 1l-hexanol. This phenomenon has been 
put into evidence as well by Shah and co-workers (42,43) who pro- 
posed to distinguish microemulsions from so-called co-solubilized 
systems. As far as electrical properties are concerned, this dis-— 
tinction appears to be a sensible one and can be formulated in 
terms of percolating and non-percolating microemulsions. 
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MEASUREMENT OF LOW INTERFACIAL TENSION BETWEEN CRUDE OIL AND 
FORMATION WATER WITH DISSOLVED SURFACTANTS BY THE SPINNING 
DROP TECHNIQUE: FACT OR FICTION? 


A. Capelle 


Chemische fabriek Servo B.V. 
Langestraat 167, 7490 AA DELDEN 
The Netherlands 


The laboratory study of enhanced oil recovery with the aid of 
surfactants has increased tremendously since the development of the 
spinning drop apparatus. Almost all recent papers about the mea- 
surement of the interfacial tension between crude oil and formation 
water mention values determined with this apparatus. Modifications 
as to temperature control and influence of pressure have been sug- 
gested. However, all measurements deal with steady state conditions 
and this fact is always stressed. This aspect of the laboratory 
study deviates from the real situation where we deal with a dynamic 
process. 


During the laboratory investigation with a spinning drop ap- 
paratus several uncontrolled factors are introduced. In the long 
time necessary for reaching steady state conditions, solubilization 
of the oil drop (due to the ultra low interfacial tension) will 
occur. There is also a transport of surfactant from the water 
phase into the oil phase and its accumulation in the interfacial 
layer. 


A recent paper, confirmed by our investigations, showed that 
the partition coefficient of a surfactant between water and a hydro- 
carbon phase is not constant but depends on the surfactant concen- 
tration. This leads to the question: are we really measuring the 
true interfacial tension? 


INTRODUCTION 


Processes which deal with enhanced oil recovery, especially 
with the aid of surface active chemicals, have encountered a 
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growing interest during the last few years. From the work of Taber 
(1), we know that a significant drop in the interfacial tension be- 
tween the crude oil and the formation water is needed to mobilize 
the trapped oil from the formation. The range of the required 
interfacial tensions is between 1073 to 107-5 dynes/cm. This drop 
in interfacial tension can only be achieved by the addition of 
surface active chemicals to the formation water. 


It has been suggested that surfactants to be used in enhanced 
oil recovery projects should be screened for their ability to de- 
crease the interfacial tension between the crude oil and formation 
water under investigation. Also the dependence on temperature 
should be investigated (2). 


It has become relatively easy to carry out these measurements 
since the introduction of the spinning drop apparatus by Wade and 
colleagues (3). Almost all recent papers on this subject mention 
values with regard to temperature control and pressure, but all are 
based on the same principle developed by Vonnegut (4) and refined 
bDyeeEIncent (>). 


EXPERIMENTAL 


For the calculation of the interfacial tension the following 
quantities are needed. 


- density difference between crude oil-formation water: 
— time for one period g 
- length of the drop 
- diameter of the drop ; 
- volume of the drop 


oa} (SS) [get tno Be 
72) 


Three methods of calculation are possible: 


Ceyeer dike ii, VAD 


Here an approximation described by Vonnegut (4) is used for 


tne calculation Ap, P and D are needed. 
ee Aow? ee 12ApD3 


4c gp 


Case 2S Ih < Yi) 


The method described by Princen et al. (5) is used for the 
caliculatione AO), 2D, anand Vanemnecdeds 


with—C calculated from G = 
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where cR3 is taken from a table as function of L/D. 


Casemsks | lm<e4D 


The method described by Slattery and Chen (6) for the calcula- 
tion Ap, P, D and L are needed. 


ys Apis” D = Ap D 3 
a ie “a ear Seer {—»—} 
r 
max 4P max 


* ns 
where ray is taken from a table as function of D/L. 


The readings of P, L and D are taken when a steady state is 
reached. The times needed to reach this condition varied between 
45 to 180 minutes. 


Measurements of interfacial tension were carried out with a 
spinning drop interfacial tension meter according to Wade (Model 
300). Glass capillaries obtained from Wildmad Glass Co., with an 
internal diameter of 2.00 mm were used. The rotating velocity was 
varied between 4000 and 9600 rpm at a constant temperature of 35°C. 
Also the influence of the rotating time at constant rotating veloc- 
ity was investigated. Crude oil and formation water obtained from 
an oilfield in Germany was used. Crude oil was dehydrated by means 
of centrifugation prior to usage. The formation water contained 
2 Oe Salita 


Surfactant, a phosphated ethoxylated alcohol neutralized with 
a fatty amine or an ethanolamine, was obtained from Chemische 
Fabriek Servo B.V. and used as received. The critical micelle 
concentration of this product in the investigated formation water 
is 20 mg/l. Concentration of the surfactant was varied between 
20 mg/1 and 40 g/l. 


Prior to the measurements, the system under investigation was 
pre-equilibrated, in some cases measurements were carried out im- 
mediately after preparation of the fluids. The results of the 
measurements are shown in Figures 1 to 3. 


DISCUSSION 


A dependence of the interfacial tension on time and surfactant 
concentration at constant angular velocity or on the rotating veloc- 
ity at a constant surfactant concentration was observed. 


The dependence of the measured interfacial tension on the surf- 
actant concentration is most easily explained by the micellization 
of the surfactant above its critical micelle concentration. How- 
ever, the difference between the values found at concentrations of 
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Fig. 1. Interfacial tension as a function of time 
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Fig. 2. Interfacial tension as a function of time 


50 mg/1 and 40 g/l remains unexplained by this effect. At the high 
surfactant concentration we probably deal with "swollen micelles" 
or the formation of a middle phase. 


The dependence of the measured interfacial tension on time may 
be due to the diffusion of the surfactant from the formation water 
into the crude oil. However, if the system was pre-equilibrated 
this should not take place. An adsorption and accumulation of the 
surfactant at the interface can occur, resulting in an interfacial 
layer of different composition than the original phases. 


It has been shown (7,8) that the partition coefficient (Co/Cw) 
both for ionic and nonionic surfactants is not a constant but de- 
pends on the surfactant concentration. Greenwald (7) investigated 
the distribution of a range of ethoxylated alkylphenols in iso- 
octane and water at 26°C and found it to be constant up to cmc. 
Dupeyrat (8) investigated the distribution of alkylbenzene sulfo- 
nates and petroleum sulfonates in paraffin oil or hexane and water 
with dissolved sodium chloride and found more or less the same 
results. 
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Fig. 3. Interfacial tension as a function of rotation velocity 


We have investigated the distribution of a phosphated ethoxy- 
lated alcohol, neutralized with either an amine or an ethanolamine 
in crude oil and formation water (Figure 4) and found also a con- 
stant partition coefficient up to a certain value. 


The dependence of the interfacial tension on the rotation 
velocity complicates the measurements enormously. It shows that 
the system under investigation is unstable and shifts its composi- 
tion either due to flow or gravitational effects. Anyhow, due to 
dependence on time, rotation velocity and partitioning, probably 
an interfacial layer of constantly changing composition builds up. 
This results in a change of the density difference Ap and the 
volume V and consequently in a change of D and L. 


If we take also into consideration the work of Shinoda and 
others (9,10) on the composition of emulsions and microemulsions, 
we see a drastic change of the composition at a given temperature, 
the phase inversion temperature PIT. The problems connected with 
the thermostatting of the measurement apparatus may then easily 
be imagined. 


CONCLUSIONS 
Reviewing the above mentioned arguments about the measured 


value of IFT, or better the quantity resulting from the calculation, 
we propose that it is a function of: 
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Fie. 4. Partition of surfactant as a function of concentration. 


- crude oil 

- formation water 

—- time 

—- temperature 

- rotation velocity 
- surfactant 


The objective of this measurement technique is to screen surf- 
actants for their ability to decrease interfacial tension and 
thereby mobilizing trapped oil. If we confine ourselves to this 
objective, it is not sufficient to measure the interfacial tension 
between crude oil and formation water only. More relevant infor- 
mation can be obtained by measuring trends (for example temperature 
and concentration variations) in the effect of other variables. 
Using this technique to predict behavior in an oil bearing forma- 
tion, where we deal with totally different processes, leads to the 
question: what is the real value of measuring ultra low inter- 
facial tension for predicting oil recovery in the reservoir? 
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THE EFFECT OF FILM-FORMING MATERIALS ON THE DYNAMIC 


INTERFACIAL PROPERTIES IN CRUDE OIL-AQUEOUS SYSTEMS 


C. H. Pasquarelli and D. T. Wasan 


Department of Chemical Engineering 
Illinois Institute of Technology 
Chicago, Illinois 60616, U.S.A. 


Interfacial behavior of crude oil-aqueous systems depends 
strongly upon the nature of the.crude and of the aqueous displacing 
fluid. The crude oil contains discrete surface active particles 
known as asphaltenes in addition to the surface active resins, both 
of which contain organic acids and bases. The film forming charac- 
teristics of these components are exhibited by the interfacial 
films which exist at the crude~aqueous interface. 


This paper discusses the physical characteristics of naturally 
occurring films formed at the crude oil-aqueous interfaces and the 
subsequent changes in their structure are characterized by measuring 
interfacial charge, interfacial tension and interfacial shearing 
viscosity against brine solutions containing alkaline agents. A 
California crude oil has been fractionated and the dynamic inter- 
facial behavior of each fraction is examined and compared with the 


whole crude. 


It is concluded that the dynamic properties exhibited by the 
crude oil-aqueous interfaces are a composite of the interfacial 
behavior existing between the alkaline aqueous phase and individual 
crude components. Furthermore, it is observed that the heavy as- 
phaltic components in crude oils are primarily responsible for the 
high interfacial activity and hence, the resulting dynamic inter- 
facial properties. This suggests the possibility of using these 
high molecular weight components for improved oil recovery. 
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INTRODUCTION 


Crude oil has been characterized as a colloid (1,2) in which 
high molecular weight, asphaltic particles are dispersed. Such 
particulates—-known as asphaltenes--are held in solution via pep- 
tization by lower molecular weight components-—-classified as resins. 
This association forms a micellar type structure (3-5). Classifica- 
tion of the asphaltic constituents in crude oil is based primarily 
upon each component's solubility in various solvents (e.g., the 
pentane soluble, propane insoluble resin or maltene fraction and 
the benzene soluble, pentane insoluble asphaltene fraction) (6,7). 


Characterizing the heavy components in crude oil with respect 
to their molecular structure has been difficult primarily because 
of the complex mixture of extremely high molecular weight compounds. 
Work by Yen (8,9) and Pollock and Yen (10) has indicated that as- 
phaltenes occurring in petroleum exist as layered flat sheets of 
condensed aromatic rings linked by short chain alkanes, kata- 
condensed naphthenics and attractions between the tl-electron clouds 
of the peri-condensed polynuclear aromatic systems. Yen, Erdman 
and Saracenno (11) have indicated the presence of stable free 
radicals associated with these structures. This suggests the pres-— 
ence of gaps or holes within these particles that are capable of 
complexing heavy metal ions [e.g. Vanadium (IV) or Nickel (1II)] 
found in most crude oils. 


Structural analysis of the resinous fraction in crude has in- 
dicated the presence of high molecular weight carboxylic acids, 
esters and porphyrin structures. Cason et al. (12-14) have iso- 
lated isoprenoids, cyclic and acyclic carboxylic acids with carbon 
numbers of Cio to Coo: Seifert and Teeter (15) have discovered 
Cool oy steroid carboxylic acids as well as other C16 to C34 petro- 
leum carboxylic acids in the Midway-Sunset California crude. 
Jenkins (16) has isolated cyclic monocarboxylic and fatty acids 
as well as aliphatic esters from petroleum distillates and residues 
of several crudes. Seifert and Howells (17), through an elaborate 
extraction and separation scheme, have recovered phenols and car- 
boxylic acids with molecular weights of 300 to 400 from the Midway- 
Sunset crude. The acidic extracts have been shown to give ultra 
low (< 1072 dyne/cm) interfacial tensions when contacted with an 
alkali aqueous phase. Phenolic components isolated from the crude 
were found to diminish the interfacial activity of the acidic 
fraction. 


Other high molecular weight components in petroleum have been 
identified by Yen (18) as porphyrin structures that effectively 
complex with metals such as nickel and vanadium. These metallo- 
porphyrins have been shown to exhibit interfacial activity when 
contacted with an aqueous phase (19,20). The film forming tenden- 
cies that these particular metalliferrous constituents have at an 
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oil-aqueous interface have also been demonstrated (21,22). Early 
investigations of interfacial behavior and film formation for crude 
oil-aqueous systems (23) indicated the major role that the heavy 
asphaltic material played in such activity. Later works by Kimbler, 
Reed and Silberberg (24) enabled one to study the compressibility 
and collapse pressure of these interfacial films. Wasan et al. 
(23,25) developed a technique for measuring the interfacial shear 
viscosity of these films in an effort to relate film structure to 
emulsion stability. Strassner (26) and Riesberg and Doscher (27) 
had also examined the relation between emulsion stability and film 
formation under conditions of changing pH. Riesberg and Doscher 
have extended their work to determining the effect that such films 
have upon adhesion of crude oil to solid surfaces and crude dis- 
placement in porous media. Bourgoyne, Caudle and Kimbler (28) 

haye found that interfacial film formation tends to decrease en- 
hanced recovery efficiency in highly heterogeneous porous media 
only. 


Recent work by Lichaa and Herrera (29) and David (30) has 
shown that the effective permeability to brine decreases as a 
result of asphaltene precipitation in porous media. Preckshot 
et al. (31) indicate that the streaming potential of crude oil 
flowing through porous media is responsible for this precipitation. 
Radke and Sommerton (32), using an oil phase of high viscosity 
mineral oil with an acidic additive, were able to model the inter- 
facial behavior of crude oil-aqueous alkaline systems. In view of 
this, we have been directing our continuing work to determining the 
individual and combined effects that the asphaltenes and acidic 
resins in crude oil have upon interfacial tension, interfacial 
shear viscosity, interfacial elasticity, electrophoretic mobility, 
emulsion stability and ultimately, tertiary oil recovery for a 
crude oil-caustic aqueous system. 


EXPERIMENTAL 


The crude oil system used for our work was the LMZ (Lower Main 
Zone) S-47 variety from Huntington Beach, California. This crude 
oil has an acid number of 0.65 mg KOH/gm sample which makes it 
particularly amenable to caustic flooding techniques. The bulk 
viscosity measured at room temperature was 108 cp. The API gravity 
for this crude oil is 23.5°. The standard caustic aqueous phase 
was 0.15% (wt) sodium orthosilicate plus 0.75% (wt) sodium chloride 
in double distilled water. At this concentration, the aqueous 
phase has a pH of 11.7. 


A vacuum distillation technique was employed for the separa- 
tion of the crude into three temperature cuts plus the high boiling 
asphalt residue. These temperature cuts are: 
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Cut ti: 70°F - 230°F at 20 mm Hg. 
Cut 2: 230°F - 302°F at 0.1 mm Hg. 
Cut 3) 9302°F = 420 7Fsat 0.al: mare: 


Vapor temperatures and operating pressures were minimized to avoid 
thermal cracking. Using IR and NMR techniques, Farmanian et al. 
(33) have shown that cracking does not occur under similar condi- 
tions with the same crude oil system. 


The separation of the saturated oils, polar resins and asphal- 
tene particles from the high boiling residue as well as the whole 
crude was affected through the use of Institute of Petroleum Method 
IP143/57 (6). However, normal pentane was substituted for the spe- 
cified heptane solvent required for asphaltene precipitation. 
Asphaltene particles and resin fractions were stored under subdued 
light and a nitrogen atmosphere. Interfacial tension measurements 
were made using a spinning drop tensiometer that was built in our 
laboratory. All runs were made at room temperature using a mono- 
chromatic light. source. Drop size was held constant at 1 us through 
the use of a micro-syringe. All runs were allowed to continue until 
the interfacial tension reached its equilibrium value. This rarely 
took longer than one hour. Values reported are the minimum inter- 
facial tensions exhibited for each system. 


Electrophoretic mobility measurements were made on a Zeta-Meter 
Inc. instrument that required using a plexiglass sample cell. 


Interfacial shear viscosity measurements were made on the vis- 
cous traction shear viscometer developed by Wasan et al. (25) for 
determining interfacial viscosities of crude oil-aqueous systems. 


RESULTS AND DISCUSSION 


The LMZ S-47 crude was first examined for asphaltene and resin 
concentration. Pentane precipitation of asphaltenes resulted in 
10.5 (wt) % concentration of these particles in the crude. Resin 
concentration was determined to be 27.0 (wt) %. 


A comparison was made of the dynamic interfacial tensions of 
cut 2,3 and the LMZ crude against the standard aqueous phase con- 
centration of 0.75% NaCl plus 0.15% sodium orthosilicate (Figure 1). 
This was done to relate these dynamic responses to the individual 
and combined resin-asphaltene structures. 


Due to the high molecular weights of the asphaltene particles, 
these species were absent in all temperature cuts with the excep- 
tion of the high boiling residue. The difference in the dynamic © 
interfacial tensions of cut 2 and 3 can be explained by the cor- 
responding average molecular weights differences for these two cuts. 
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Fig. 1. Dynamic Interfacial Tension for the LMZ Crude, Cuts 2 and 
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Cut 2, with its lower boiling point and hence lower average molecu- 
lar weight, gives an interfacial tension response with time that is 
characterized by diffusion to the interface followed by in situ 
reaction to form the weak surfactant and mass transfer into the 
aqueous phase. This final step of surfactant partitioning into the 
aqueous phase is absent in the Cut 3-caustic case. This is probably 
due to the inability of the high molecular weight saponified acids 
to partition into the aqueous caustic phase. The large hydrophobic 
portion of these species maintains the constant surface concentra- 
tion suggested by the stable interfacial tension response seen here. 


Interfacial behavior exhibited by the LMZ crude is similar to 
that of Cut 2. However, the adsorption of the asphaltene particles 
in the crude at the oil/aqueous interface creates an interfacial 
barrier--or film--that inhibits further saponification of the acidic 
components that are responsible for lowering interfacial tension. 


The effect that the asphaltene particles and resinous compo- 
nents have upon interfacial rigidity and elasticity were examined 
for the crude oil and temperature cuts when contacted with the 
aqueous caustic phase. An interface made up only of adsorbed high 
molecular weight resins might differ significantly from one on 
which the heavy asphaltene particles were highly concentrated. The 
results in Table 1 support this hypothesis and show that the Cut 
3-aqueous interface is indeed much more rigid than the lighter 
Cut 2 and whole crude systems. 


Crystalline structures were found to develop upon interfacial 
aging of the Cut 3-caustic system (Figure 2). (This photograph was 
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Fig. 2. Photograph of the crystalline structure at the cut 3- 
aqueous alkaline interface. 


taken under a magnification of 400 using cross polarized light.) 
The sample was aged for a period of three days under an inert at- 
mosphere. A control experiment was conducted with the Cut 3-brine 
system that was equilibrated for the same three day period. No 
crystalline formations were observed, even after an aging period 
of several months. 


Dynamic interfacial tension was measured for the Cut 3-caustic 
system with varying concentrations of asphalt in the Cut 3 oil 
phase. Figure 3 illustrates the same stable tension response for 
the asphalt systems that was seen for the pure Cut 3-caustic inter- 
face. Figure 4 illustrates the effect that the resinous material 
in the asphalt has upon interfacial tension and interfacial vis- 
cosity. The response of these two parameters to changing asphalt 
concentration suggests an interface composed of heavy resinous 
molecules. Previous work by Katz and Beu (34) has shown that oil 
phases which have a surface tension of less than 21 dynes/cm are 
capable of depeptizing the asphaltene particles and high molecular 
weight resins. Measurements of the air-liquid surface tension of 
Cut 3 with the ring tensiometer indicates a surface tension of 
slightly less than 20 dynes/cm. Therefore, this behavior indicates 
adsorption of heavy resinous material at the interface leading to 
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Fig. 4. Variation of Interfacial Tension and shear viscosity for 
cut 3 with varying amounts of asphalt. 


an in situ generation of surfactant with the resulting decrease in 
tension and increase in interfacial rigidity. 


Recently, we have been using electrophoretic mobility measure- 
ments in an attempt to support some of our hypotheses. Our experi- 
mental plan, however, required the separation of asphaltenes, resins 
and gas oil as it exists in the crude. To do this we basically 
used standardized technique #143/57 of the Institute of Petroleum. 
Electrophoretic mobility measurements were made of the whole crude, 
Cut 2 and Cut 3 plus asphalt when contacted with the standard 
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caustic phase (Table 2). These measurements indicate a maximum 
interfacial charge for the Cut 3 system with the asphalt additive. 
This behavior is the result of asphaltene precipitation occurring 
in the Cut 3 oil phase that affects the release of the resinous 
components leading to an increase in resin surface concentration 
and hence, interfacial charge. The effect that this has on inter- 
facial tension is obvious. The whole crude was also examined for 
interfacial charge buildup when asphalt concentration was increased. 
Neither interfacial tension nor electrophoretic mobility were af- 
fected by the addition of asphalt to the whole crude. This indi- 
cates that the asphaltene particles do not contribute greatly to 
either surface activity or interfacial charge, although the struc- 
ture of asphaltene particles may strongly contribute to interfacial 
elasticity. Electrophoretic mobility measurements indicated that 
the asphaltene particles are slightly electropositive while the 
resinous components are electronegative. 


Work was done to determine the interfacial activity of the LMZ 
asphaltenes when dissolved in an oil phase of spectroscopic grade 
benzene and contacted with the standard caustic aqueous phase. 
Figure 5 illustrates interfacial activity similar to that of Cut 2 
and can be explained in the same way. Solubilizing the solid as- 
phaltene particles in benzene permits the separation of their 
smaller components, some of which are obviously either surface 
active or capable of generating such activity when contacted with 
a caustic aqueous phase. No interfacial activity was seen for the 
pure benzene oil phase contacted with the caustic aqueous phase. 
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Fig. 5. Dynamic Interfacial Tension of LMZ asphaltenes in benzene 
vs. 0.15% orthosilicate + 0.752 NaCl. 
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Table 2. Interfacial Tension and Electrophoretic Mobility 
of the Huntington Beach Crude (LMZ S-47) 


TEE 
(dyne/cm) 


(ju, my 


Oil Phase ge vole 


Aqueous Phase 


Whole crude 0.15% Orthosilicate 


0.75% NaCl 


Crude + 107 
Asphalt 


Gwe Dap WO? 
Asphalt 


Cut 2 
Asphaltene 


In view of this work, we feel that an effort is warranted for 
choosing a surfactant (e.g. anionic, cationic or nonionic) or co- 
surfactant that is capable of preventing asphaltene precipitation 
problems and the subsequent permeability reductions during tertiary 
oil recovery by chemical flooding methods (29). 


SUMMARY 


In conclusion, we have observed the individual and combined 
effects that the heavy, naturally occurring asphaltic components 
have upon the interfacial activity and structure of an acidic crude 
oil-aqueous alkaline system. The subsequent film formation that 
these components exhibit when contacted with a caustic phase sug- 
gests the presence of a stabilizing barrier that may impede coales-— 
cence of viscous emulsions formed in situ during flooding processes. 


Precipitation problems resulting from asphaltene aggregation 
lead to permeability reductions that may ultimately affect enhanced 
recovery methods. This suggests the possibility of using acidic 
resins extracted from the crude to re-peptize the asphaltene par- 
ticles and prevent further permeability reductions. Core flooding 
tests in conjunction with a microwave absorption scanning are being 
conducted in our laboratory to support this claim. 


Finally, we have shown that the interfacial phenomena exhibited 
for a crude oil-aqueous system is a composite of the interfacial 
activities existing between an alkaline aqueous phase and the indi- 
vidual crude components. This behavior must be considered when 
employing--or designing--a tertiary technique or aqueous phase. 
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RECOVERY MECHANISMS OF ALKALINE FLOODING 
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In the alkaline flood process, the surfactant is generated by 
the in situ chemical reaction between the alkali of the aqueous 
phase and the organic acids of the oil phase. The surface-active 
reaction products can adsorb onto the rock surface to alter the 
wettability of the reservoir rock and/or can adsorb onto the oil- 
water interface to lower the interfacial tension. At these lowered 
tensions (1-10 dyne/cm), surface or shear-driven forces promote 
the formation of stable oil-in-water emulsions or unstable water- 
in-oil emulsions; the nature of the emulsion phase depends on the 
pH, temperature, and electrolyte type and concentration. These 
different paths of the surface-active reaction products have 
created different recovery mechanisms of alkaline flooding. The 
four alkaline recovery mechanisms which have been cited in the 
recent literature are: (i) Emulsification and Entrainment, (ii) 
Emulsification and Entrapment, (iii) Wettability Reversal from Oil- 
to Water-Wet, and (iv) Wettability Reversal from Water- to Oil-Wet. 
These four mechanisms are similar in that alkaline flooding en- 
hances the recovery of acidic oil by two-stage processes. 


Studies on displacement dynamics and interfacial tensions 
were carried out to establish and improve recovery efficiencies 
of acidic crudes by alkaline agents. Displacement tests were 
carried out on restored state oil-field cores and on synthetic 
Ottawa sand-packs with permeabilities ranging from 100 to 3,500 
millidarcies. Concomitant experiments were carried out with a 
spinning-drop tensiometer and a contact angle goniometer; capillary 
pressure-determined wettability indices were measured and the type 
and stability of emulsions were characterized. These experiments 
indicate that the recovery mechanisms cited in the literature are 
valid under specific conditions of pH, electrolyte type and con- 
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centration. The results also indicated that tertiary and secondary 
recovery efficiencies could be improved by (v) Partial Wettability 

Reversal from Water-Wet to Oil-Wet, (vi) Chromatographic Wettabil- 

ity Reversal, and (vii) Emulsification and Coalescence. 


INTRODUCTION 


During the primary depletion stage, crude oil is produced by 
the natural energies of the reservoir and the confined fluids. 
Below the bubble-point, pressure gas percolates out of the oil 
phase, coalesces and displaces the crude oil. The gas phase, which 
is much less viscous and thus more mobile than the oil phase, fin- 
gers through the displaced oil phase. In the absence of external 
forces, the primary depletion inefficiently produces only 10 to 30 
percent of the original oil in place. In the secondary stage of 
production, water is usually injected to overcome the viscous 
resistance of the crude at a predetermined economic limit of the 
primary depletion drive. The low displacement efficiencies, 30 to 
50 percent, of secondary waterfloods are usually attributed to 
vertical and areal sweep inefficiencies associated with reservoir 
heterogeneities and nonconformance in flood patterns. Most of the 
oil in petroleum reservoirs is retained as a result of macroscopic 
reservoir heterogeneities which divert the driving fluid and the 
microscopically induced capillary forces which restrict viscous 
displacement of contacted oil. This oil accounts for approximately 


70 percent, or 300 x 109 bbl, of the known reserves in the United 
States. 


Enhanced oil recovery processes: In the tertiary or enhanced 
production of the remaining reserves, an additional energy source 
is required to microscopically mobilize and macroscopically dis- 
place residual and bypassed crude. A thermal or chemical energy 
source is utilized to alter the mobility of the driving fluid and/or 
to reduce the restraining capillary forces. Stegemeier (1,2) 
groups the enhanced oil recovery mechanisms into two predominant 
types. In the first type the ratio of viscous to capillary forces 
is altered and in the second type the fluid phase volume is altered. 
The latter group should be expanded to include processes in which 
the preferential wettabilities of the porous medium are altered. 
Thus, the mobilization mechanisms can be generically classified as 
processes which: 


Git alter the viscous-capillary interaction, and 
P yi > 
(ii) alter the residual phase's configuration. 


The microscopic mobilization efficiency (or the percentage 
reduction in the residual oil saturation of a secondary waterflood) 
of tertiary surfactant floods has been experimentally correlated 
to be a function of the capillary number. 
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This dimensionless grouping represents the competitive interaction 
of the viscous driving forces and the restrictive capillary forces. 
High recovery efficiencies, > 90%, have been realized for laboratory 
systems in which the oil-water interfacial tension has been reduced 
to 1054:—- 1054 dynes/cm. Such lowered tensions are difficult to 
establish and sustain under field conditions. Recently, more at- 
tention has been placed on mechanisms which alter the configuration 
of the residual phase (1,2). 


The recovery of naturally acidic oils by alkaline flooding 
fits into the phase alteration category. The recovery mechanisms 
of these floods are varied since the surface active salts, which 
are formed by the in situ acid-base reaction, can adsorb onto the 
oil-water interface to promote emulsification or can absorb onto 
the rock surface to alter wettability. The exact recovery mecha- 
nism, recently reviewed by Johnson (3) depends on the pH and salin- 
ity of the aqueous phase, acidity of the organic phase and wettabil- 
ity ofthe rock -surrace (4,55), In this study an additional’ alkaline 
recovery mechanism is explored. This mechanism, Emulsification and 
Coalescence, depends on the valency of the electrolyte as well as 
the pH and salinity of the aqueous phase. The Emulsification and 
Coalescence mechanism for the recovery of acidic oils is similar 
to the Spontaneous Emulsification mechanism suggested by Schechter 
et al. (6) for the recovery of nonacidic oils with petroleum sul- 
fonate solutions. 


Alkaline recovery mechanisms: In a recent article, Johnson 


(3) reviewed the mechanisms by which alkaline flooding improved the 
recovery of acidic crudes from partially depleted reservoirs. The 
mechanisms were: 


1. Emulsification and Entrainment (7) 

2. Emulsification and Entrapment (8) 

3. Wettability Reversal from Oil- to Water-Wet (9) 
if 


. Wettability Reversal from Water- to Oil-Wet (4) 


These four mechanisms concur that alkaline flooding enhances 
the recovery of acidic oil by two-stage processes. In the first 
and common stage of these alkaline recovery mechanisms, surface 
active salts are formed by the in situ acid-base reaction between 
the alkali contained in the floodwater and the organic acid present 
in the residual oil. The surfactants can adsorb onto the oil-water 
interface to lower the interfacial tension and thus promote emul- 
sification under the action of surface driven forces (spontaneous) 
and/or under the action of shear driven forces (external and in- 
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ternal pressure gradients). The surfactants can also react with 
or adsorb on the rock surface to alter the wettability of the rock 
and the configuration of the residual ganglia or droplets of crude. 
Thus, in the first stage of the alkaline recovery processes, re- 
sidual oil is mobilized as a result of configurational changes 
(emulsification/wettability alteration). The second stage of the 
alkaline recovery processes involves macroscopic production of the 
mobilized oil phase. In this stage, the overall recovery effi- 
ciency can be increased by improvement of the displacement effi- 
ciency through reduction in the mobility of the floodwater. These 
two stages, mobilization, and production, are interdependent since 
the emulsion type, nature, and method of formation are determinants 
in the incremental oil production and the production efficiency. 


EXPERIMENTAL 


Dynamic displacement experiments: Dynamic displacement studies 
were carried out on a well-defined synthetic system to test the 


hypothesis that the recovery and production efficiencies could be 
improved by defined and proposed alkaline recovery mechanisms (10). 
The synthetic system consisted of an Ottawa sandpack with perme- 
abilities from 100-3,500 millidarcies, mineral oil traced with 
oleic acid and distilled water with reagent grade chemicals; a 
synthetic system was used to allow the definition and thus to es-— 
tablish the role of each variable in the recovery process. 


The multifluid flow displacement apparatus used in the core- 
flooding experiments is shown schematically in Figure 1. The heart 
of the apparatus is a hollow lucite cylinder which is packed with 
sand. This "core" simulates an unconsolidated oil reservoir. The 
transient pressure drop and electrical resistivity across this core 
can be monitored continuously via transmitting and recording de- 
vices. The core is enclosed in an oven which can be used to simu- 
late reservoir conditions. In this apparatus, a multiple of fluids 
can be injected into or bypassed around the core. These fluids 
include gases such as CO» and Ny and as many as five different 
aqueous and organic phases. The liquid phases are deaerated in 
their holding chambers and stored under a blanket of No and are 
collected in the downstream or lefthand portion of the apparatus. 
The breakthrough concentration profiles of injected chemical 
species are obtained by batch analysis of the collected fractions. 


The porous medium consists of unconsolidated Ottawa sand con- 
tained in a cylindrical lucite or lexan polycarbonate core holder. 
A plastic core holder is used to minimize attrition during dry 
packing of the sand, to eliminate secondary loss of chemicals at 
the wall (e.g., reaction to form rust) and to allow flow visualiza- 
tion of the saturation fronts. The Ottawa sand is sieved and thor- 
oughly cleaned in order to obtain reproducible surface characteris- 
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Fig. 1. Process flow diagram of multifluid flow displacement ap- 
paratus. 


tics. The sieved sand was sequentially washed with (1) 2.0M hydro- 
chloric acid, (2) aqua ammonia, (3) distilled water, (4) sodium 
tripolyphosphate solution, (5) 1.0M sodium chloride solution, (6) 
distilled water, (7) 0.1M sodium hydroxide solution, (8) distilled 
water, (9) warm chromic acid solution, and (10) copious amounts of 
distilled water. The hydrochloric acid wash leached out a consider- 
able amount of iron; magnetic separation was used to remove the 
ferromagnetic impurities. This acid wash, which would remove 

any inorganic oxides, sulfides, and carbonates, was followed by 

a neutralizing aqua ammonia solution and distilled water. The 

sand was then treated with saturated sodium tripolyphosphate solu- 
tion to deactivate any clays present and alternately contacted with 
distilled water and solutions of sodium chloride and sodium hydrox- 
ide to ensure the replacement of polyvalent ions with univalent 
ions. The final wash with warm chromic acid cleaning solution to 
oxidize and remove organic impurities was followed by prolonged 
water washing. The sand was then oven-dried at 150°F. The above 
treatment renders the Ottawa sand strongly water-wet and allowed 
reproducible dynamic and equilibrium flow behavior. 


Extremely simple fluids are used for the aqueous, alkaline, 
and organic phases. Deaerated distilled water purified by a 
Milli-Q nucleopore membrane and CP reagent grade chemicals were 
used for the preparation of alkaline and saline solutions. A 
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narrow-cut light oil traced with oleic acid was used to simulate 
the acidic crudes. All the fluids used were deaerated in their 
holding chambers and capped with a blanket of N» before saturation 
or flooding of the core. 


The pore volume (later referred to as PV or T) and the poros- 
ity, > of the dry packed core is first determined from the weight 
and measured grain density of the Ottawa sand (2.65 g/cc) and the 
bulk volume of the core. The permeability of the sandpack to gas 
is then measured in a Ny permeameter from a minimum of six values 
of pressure drop versus flowrate. The core is placed in a multi- 
fluid flow displacement apparatus for saturation with brine or 
fresh water. The saturated core is oil flooded to irreducible 
water saturation, S_._, at rates which make the capillary pressure 
gradients negligible, v =~ 10 ft/day. The oil flood is usually 
continued for about ten pore volumes; at this stage the oil-water 
ratio (OWR) is about 200. 


The oil-saturated sandpack, with a connate water saturation, 
is first waterflooded to residual oil saturation before running 
a tertiary mode alkaline flood. The flood velocity is chosen to 
make the capillary pressure gradients negligible. The sandpack 
with a residual oil phase is then flooded with an alkaline phase 
until no additional oil is produced. During the chemical flood, 
the core is flooded at velocities which are high enough to result 
in negligible capillary pressure gradients but low enough to limit 
the ratio of viscous to capillary forces. This latter requirement 
prevents incremental production due to the singular action of ex- 
ternally imposed pressure forces since this condition could not be 
reproduced in the field. The alkaline flood velocity was chosen 
so as to limit the capillary number to between 107°) and 1054 


The waterflood stage was replaced by an alkaline flood for 
a secondary mode alkaline flood. The pressure drop and produced 
fluids were monitored during the secondary and tertiary floods. 
The core is removed between floods and weighed in order to deter- 
mine fluid saturations. The saturation is checked against that 
obtained from the volume of the produced fluids; in most cases, 
the volume determination and the mass determination of saturation 
differed by only 2 to 3 percent in saturation. The volume-deter- 
mined saturations were used in the reported results. The emulsion 
characteristics and recovery efficiencies of alkaline floods dis- 
cussed are listed in Table 1. The end-point saturations, perme- 
abilities and wettabilities (as inferred from contact angle mea- 
surement) are listed in Table 2. The dimensions and properties 
of the unconsolidated Ottawa sandpacks used in these alkaline 
floods are listed in Table 3. Neutral pH floods are also listed. 
The neutral pH floods offer a base line for the recovery efficien- 
cies of the alkaline floods. 
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Equilibrium displacement experiments: Equilibrium displace- 


ment experiments were carried out to determine pore-size distribu- 
tion from air-brine curves, capillary pressure versus saturation, 
and preferential wettabilities of reactive and non-reactive oil/ 
water systems (10). The well-defined synthetic system, described 
in the previous section and used in the dynamic displacement ex- 
periments, was used in the equilibrium displacement studies. The 
equilibrium displacement characteristics were determined by a 
constant speed centrifugal technique (11). 


The basic unit used in this work consisted of a centrifuge 
(International, Size 2) with an externally attached voltage regu- 
lator for speed control up to 3,100 rpm. The speed was measured 
by a stroboscopic Xenon phototube driven by an oscillator circuit 
which was calibrated to the frequency of the house AC cycle before 
each capillary pressure run. Speeds lower than 600 rpm were mea- 
sured by isolating double or quadruple images with the stroboscope. 
A belt driven multispeed attachment with a four place conical head 
was used with a second centrifuge to develop extremely high speeds 
required for the determination of residual saturations. The cen- 
trifuge tubes used to contain the sandpack during determination of 
the air displacing water or oil displacing brine capillary pressure 
curves are very similar to those used by Slobod et al. (11). The 
capillary pressure curves of water or brine displacing oil were 
measured in thick glass holders with a graduated nipple which are 
stoppered and inverted into a slotted brass tube supported by a 
trunnion ring. This setup is very similar to the one used by 
Donaldson et al. (12) in the determination of wettability from 
secondary imbibition and drainage curves. 


The fractional wettability of the porous medium, defined as 
a measure of the fraction of the internal surface of the porous 
medium in contact with one fluid (13) was determined by the USBM 
method (14). In the USBM method for determining wettability, the 
logarithm to the base 10 of the ratio of areas under a secondary 
drainage (A3) and an imbibition capillary pressure (Ad) versus 
water saturation curves is used to define the wettability scale. 
The scale varies from positive for water-wet conditions, through 
zero for intermediate-wet conditions, to negative for oil-wet con- 
ditions. The scale is believed to be independent of the pore 
geometry since the influence of the pore geometry, which is similar 
for the imbibition and drainage curves, cancels out on taking the 
ratio of areas. This scale, then, is a measure of the number and 
distribution of pores which are oil-wet and water-wet over the 
saturation range from irreducible water saturation to residual oil 
saturation. 


The wettability indices, {, of the non-reactive and reactive 
alkaline systems are listed in Table 4. The listed contact angle 
measurements were made with a contact angle goniometer (NRL Ramée- 


261 


RECOVERY MECHANISMS OF ALKALINE FLOODING 


“OT-da uny (Twfev) «ly eV eer OT On une. 
wots pejzewtqse st ty uorqepTNoTesd styI UIp +te7eM SZeUUOD UT “TDBD WG*05 feToAhO uoTATqTqut 
ZUTInp [TIO peoel[dstp ut ptoe oteTo $8200, ‘91942 woTarqrquy Burinp Tro peoetdstTp ut proe on, 


(v/Ey} Clsot ‘xeput AatTrqeqiem yy 
eAINO eseureirp 
Aiepuooss Jepun eoiy--*y ‘9AIND UOTITATQWT Aepun eory-—“y 9AIND e8euTeip Areutaid zepun eory——ly 


L4°0 6L°0 oOLT L°S8 TO SZ"0 ToeN Wo'T/‘o’a%eN WSO°0 eZ 
S°0 S9°0 20€ YL €Z"0 IT‘0 TOPN WO'T Zz 
590- HUD 20ZT S*L8 OT*0 0z°0 ©(Ho) 9 WSO'0 IZ 
pee 0- T0°0 20ZT oa 9T°0 0£°0 “(Ho) e9 WSO "0 0z 
690" 0- 1Z‘0 o94T 9°06 80°0 ST*0 ToeN Wo'T/*oo°eN WO erat 
870 9/°0 S0/T 1°99 1Z‘0 0F°0 TORN Wo'T/‘o’a°eN WSO'O oT 
5970"0 Z€°0 20ZT 0°39 LZ°0 9T*0 VEN WSZ0°0 ST 
p&Z0"0- cZ*0 20ZT 8°69 97°0 ST*0 TOPN WO*T/HOEN WSZ0°0 LT 
77°0 880 20€ G°L8 80°0 9€°0 gldeN WO-T POT 
SS*0 88°0 SE 8°0L 6T"0 9€°0 QIN WO*T 20T 
45°0 91°0 20€ eZ 0£°0 0z*0 TORN WO'T qOT 
45°0 9/°0 20€ S*z9 0€*0 0z°0 TORN WO'T eOT 
18°0 owt 20€ 0°z8 210 SEE*O TORN WT*O 16 

gy {ev/Ty}9lsot 9 ay aes ahr s 99ATO1I99TE/TIENTY ~dq uny 


*3eS JutTodpuy 
a Ee 


goeying zqlend e uo swaqsks 
(2TUeZI0) OTPToOy—(snoonby) euTTeyxTY eat ORPeY AOJ SaTsuy JoOe,UOD pue seodTpuy AITTIqGeIIeM 2) SG REAL 


262 T. P. CASTOR ET AL. 


Hart). The angle between a quartz plate and an acidic oil droplet 
in an alkaline/electrolyte solution was measured. The oil-water- 
quartz contact angles are believed to be representative of the oil- 
water-Ottawa sand contact angles since the Ottawa sand used was 
99.7 percent silica. The order of preferential water wettability 
of the reactive acid-base systems is: (1) NaoB 07/NaCl, QyanaGis 
(3) NaA, (4) NaOH/Nacl, (5) Na»C03/NaCl, (6) Ga toil) 9, and (7) 
Ca(OH), with CaCl, in the connate water. Multivalent ions such as 
Cat or Batt act as activators for the adsorption of fatty acid on 
quartz surfaces (15). The surface chemistry of divalent ions sup- 
ports the observation that calcium hydroxide-Ottawa sand-oleic acid 
systems are the most oil-wet of the alkaline systems. The presence 
of calcium chloride increases the wettability to oil by further 
depressing the electrical double layer on the silica surface and 
increasing the adsorption of the oleate ions and/or ion molecular 
complexes. The salt also has the effect of precipitating out the 
surface-active reaction products. The effects of the salt are 
evident in the ordering of the increasing water-wettabilities of 
the remaining alkaline-oleic systems. 


Emulsion characterization experiments: There are several 
documented methods by which the emulsion phase can be characterized. 
The single and multidrop methods are tedious to perform in that 
unusually large amounts of samples are required before a statisti- 
cally determinate result can be obtained. The experimental time 
of these methods is greatly reduced by placing the emulsified phases 
in a centrifugal field and measuring the volume reduction in the 
emulsified phase with time. In this method the reactive solutions 
are sheared (homogenized) in an electric blender at different 
speeds in order to control the size of the emulsion drops. The 
attraction of droplets for each other and thus their stability 
depends on the mass or volume of the drops and the distance of 
separation (through Van der Waals' forces of attraction). The 
third method entails shearing of the two phases through vigorous 
shaking and allowing the emulsified phase to separate by standing 
in a gravitational field. In this method, the diameter of the 
emulsion droplet is determined, for an equal amount of shear, by 
the type and concentration of the electrolyte and the reacting 
species. In all of these methods, the influence of capillary 
forces on the emulsification process and the nature of the emulsi- 
fied phase are not considered. These comparative methods are then 
only of qualitative utility when applied to a porous medium. 


The constant shear method was used in the present work for the 
characterization of the emulsion phase because alkaline floods are 
carried out under analogous conditions of low but constant shear. 
Using the constant shear procedure, Schulman and Cockbain (16) 
measured the stability of O/W emulsions by observing the time re- 
quired for the first visible signs of separation of the two phases. 
These authors concluded that this method is satisfactory to compare 
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relative stability of emulsions prepared under the same conditions 
even though stability is based on the efficiency of the emulsifica- 
tion process and the subjective differentiation of the opacity of 
the emulsified phase. In the experiments, reported in the follow- 
ing, 5.5 cc of the dyed organic phase (Chevron 410 H Thinner laced 
with 0.0285 moles/1 of oleic acid) was gently contacted with 5.5 cc 
of alkaline solution in a gcentrifuge tube. The initial contact of 
the two phases was made with a minimum of physical disturbance in 
order to establish the occurrence and extent of spontaneous emul- 
sification; the oil was pipetted onto the glass wall about 2 mm 
above the alkaline surface. After 24 hours, the tubes were vigor- 
ously hand-shaken for an equal number of times. The behavior of 
the reactive phases, before and after shearing, was followed in 
time. The reactive phases were intermittently photographed. The 
relative stability of these emulsions was determined by comparing 
the rates at which the volume of emulsion in the centrifuge tubes 
decreased. The emulsion type was determined by the addition of 
emulsion drops to a small pool of water or oil on a glass slide. 
The fluid (water or oil) which spontaneously attracted the emulsion 
drop is the continuous phase. The initial and final pH, emulsion 
type, and relative stability of the emulsions in the systems stud- 
ied are listed in Table 5. 


RESULTS 


Mechanistic interpretations: The results of the dynamic and 


equilibrium displacement experiments are used to evaluate and fur- 
ther define mechanisms by which alkaline floods increase the dis- 
placement and recovery of acidic oil in secondary mode and the 
tertiary mode floods. The data sets used in the mechanistic in- 
terpretations of alkaline floods are (a) overall and incremental 
recovery efficiencies from dynamic and equilibrium displacement 
experiments, (b) production and effluent concentration profiles 
from dynamic displacement experiments, (c) capillary pressure as 

a function of saturation curves and conditions of wettability from 
equilibrium displacement experiments, (d) interfacial tension 
reduction and contact angle alteration after contact of aqueous 
alkali with acidic oil and, (e) emulsion type, stability, size and 
mode of formation. These data sets are used to interpret the 
results of the partially scaled dynamic experiments in terms of 
two-stage phase alteration mechanisms of emulsification followed 
by entrapment, entrainment, degrees and states of wettability 
alteration or coalescence. 


Emulsification and entrainment: The emulsification and en- 
trainment mechanism was observed to occur during high pH flooding 
of low-acid number oils in low salinity environments. This mecha- 
nism is manifested by partial entrainment and partial entrapment 
of the emulsion phase. Complete entrainment of the emulsion 
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Table 5. Characterization of Emulsion Type and Stability 


pH 
SS a Emulsion Relative 
Alkali/Electrolyte igattesieyil jasimevl Type Stability 
Water 7 7 Nil 
0.025M NaOH 1254 10.6 O/W vs 
0.025M NaA Tee 9.85 O0/W VS 
0.025M NaOH/0.1M NaCl 12.4 9.81 0/W vs 
0.025M NaOH/0.3M NaCl 12.4 O15 ? US 
0.025M NaOH/0.5M NaCl 1204 9.8 w/0 vs 
0.025M NaOH/1.0M NaCl L24 TOP? W/O vs 
0.05M Na,B,0,/1.0M NaCl 8.9 8.9 W/O US 
0.025M Ba (OH), De Alaa w/0 vuS 
0.02M Ca(OH), 122 geen6 5 w/O US 
0.025M NaOH/0.00005M CaCl, 1254 TOnS o/W vs 
0.025M NaOH/0.001M CaCl, eA age O/W vs 
0.025M NaOH/0.005M CaCl, Aly! 10 0/W vs 
0.025M NaOH/0.02M CaCl, 12.4 LOPES w/O US 
0.02M Ca (OH) ,/0.02M CaCl, 12.2 i 7) W/O US 


VS--Very stable 
US--Unstable 
VUS--Very unstable 
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droplets, in contrast to complete entrapment, never occurred in 
the uniform sandpacks. The emulsification and entrainment mecha- 
nism is illustrated in Figure 2 by the pressure, production and 
concentration history of a tertiary alkaline flood of a low acid # 
oil (acid # = 0.5). A concentrated emulsion phase broke through 
at T = 0.64 PV (around the nominal waterflood value) and stopped 
after 1.21 PV of caustic was injected. The emulsion phase traveled 
with the concentration shock front of the depleted caustic slug 
whose pH jumped 4 units at Tt = 0.64 PV. The pressure increase 
after cessation of emulsion production indicates that redistribu- 
tion of the entrapped phase continued to occur after the partial 
entrainment stage. The produced oil fractions were photomicro- 
graphed within a few minutes of sampling. The average size of the 
produced emulsion droplets was around 14 um (Figure 3). Larger 
O/W droplets were produced at later times, approximately 25 um at 
T = 0.83 PV and approximately 60 um at tT = 1.2 PV. The coronas 
around the droplets in this photomicrograph are speculated to be 
the interfacial film which limits the coalescence of flocculated 
O/W emulsions. These droplets are similar to the interference 
phase contrast micrograph which was used by Wasan et al. (17) to 
measure a 1.1 micron thick interfacial film around a 16 um oil 
droplet for a non-equilibrated 0.02 wt percent NaOH/1.0 wt percent 
NaCl--acidic crude system. 


Entrainment occurred because the stable O/W emulsions were on 
the average the same size (14 um) as or smaller than the average 
pore diameter of the sandpack. The residence time for the sodium 
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Fig. 2. Production, concentration and pressure histories of ter- 
tiary sodium hydroxide flood of Acid Number 0.5 Oil as a 
function of pore volumes throughput. 
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Fig. 3. Stable O/W emulsions produced by shearing an aqueous 
alkali with a residual acidic oil phase in a porous 
medium (droplet sizes ~ 14 um). 


hydroxide in the core was much shorter than the residence time 
required for spontaneous emulsification between the aqueous and 
organic phases. This suggests that the emulsification was shear 
induced and resulted in the formation of smaller droplets due to 
the additional energy input. The shear dominance of the emulsi- 
fication process could have resulted from the high shear conditions 
(flooding velocities of 55 ft/day), from the lowered potential for 
spontaneous emulsification (acid number = 0.5) or from a combina- 
tion of high flooding velocity and low reaction potential. The 
high shear conditions may not be the critical parameter since a 
0.025M NaOH flood of acid #2.0 oil (Run DY-19) resulted in com- 
plete entrapment of the aqueous phase which was injected at a rate 
Of 23. £Lt/day. 


Emulsification and entrapment: The emulsification and entrap- 
ment mechanism was observed to occur during high pH flooding of 
moderate acid numbet (> 2.0) oils in low salinity environments. 
This mechanism is manifested by complete plugging of the homoge- 
neous sandpacks which are uniform in porosity and permeability. 
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The emulsification and entrapment mechanism is illustrated in the 
pressure and production history of the tertiary alkaline flood, 
Run DY-15 shown in Figure 4. In this experiment, the flow rate 
decreased to zero just before breakthrough of the driving fluid 
(at about T = 0.6 PV in a nominal waterflood). Substantial dif- 
ferences in the upstream pressure of the flow apparatus (400 psi 
at T = 1.2 PV) and the differential pressure across the core (75 
psi at T = 1.2 PV) indicate.that most of the emulsification and 
entrapment occurred in the entrance region of the sandpack. This 
mechanism was repeatedly observed in high pH, non-saline floods of 
moderate acid number (> 2.0) oils. 


Entrapment occurs if the average drop size of the emulsion 
phase is greater than the average pore size of the porous medium 
and persists if the emulsion phase is stable. The stability con- 
dition is met since stable O/W emulsions are formed at large planar 
interfaces under similar conditions of high pH and low salinity. 
Spontaneous emulsification would favor the emulsification and en- 
trapment mechanism since larger drop sizes are formed in systems 
which emulsify under limited shear; the droplet size reduces, to 
minimize the surface free energy, with increase in applied shear 
or with decrease in interfacial tension. The low saline, high pH 
systems, which exhibit the emulsification and entrapment mechanism, 
do spontaneously emulsify with moderate acid number oils. The 
droplet size of these emulsions ranged from 4-40 micron with an 
average of 16 um in an unblended 0.025M NaOH/0.07M oleic acid (acid 
# 5.0) system (Figure 5). For an identical system which is sheared, 
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Fig. 4. Production, concentration and pressure histories of ter- 
tiary sodium hydroxide flood of Acid Number 5.0 oil as a 
function of pore volumes throughput. 
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the droplet size ranged from 3-15 um with an average Oe 5) Ung — Ie 
diameter of the pore constrictions, in the sandpacks which plugged, 
ranged from 0-30 microns with an average of 10 microns (as deter- 
mined from air-brine capillary pressure curves). Therefore, the 
emulsion droplets which are formed under conditions of limited 
shear, would entrap in the porous medium. These droplets remain 
entrapped unless the interfacial tension is lowered sufficiently 

to increase the ratio of the viscous to the surface forces. No 
displacement of emulsions was observed even though the capillary 
number for these systems, Ca =~ 1 x 10-3, was high enough to initiate 
mobilization of the entrapped emulsion droplets which are water 
external emulsion droplets. 


Emulsification and wettability alteration: Increases in the 
recovery rate and the microscopic mobilization efficiency of resid- 
ual oil were observed in high pH/high salinity and moderate pH/high 
salinity alkaline floods. These increases are due to the formation 
of W/O emulsions in the presence of a univalent electrolyte. Bulk 
phase experiments of earlier section indicate that the salt concen- 


Fig. 5. Stable O/W emulsions which are formed spontaneously at an 
aqueous alkali-organic acid interface (droplet sizes ~ 4- 
40 um). 
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tration should be greater than 0.3M. The surface active reaction 
products, which are "salted" out of solution, adsorb onto the rock 
surface and alter the wettability of the reservoir rock. The 
several possible mechanisms are partial, complete, and alternate 
wettability reversal. 


High pH/high salt alkaline (such as 0.25M NaOH/1.0M NaCl) sys- 
tems appear to improve the rate of recovery of acidic oils by an 
emulsification and partial wettability reversal mechanism. Partial 
wettability reversal is suggested by the intermediate magnitude of 
the externally measured contact angle, 120° and the wettability 
index of the porous media, -0.023 (Table 4). 


Figure 6 illustrates the improvement in the production effi- 
ciency of secondary alkaline floods (Runs DY-25 and DY--28) relative 
to secondary waterfloods (Runs DY-12 and DY-14). The efficiency 
of oil production, as measured by the lowered WOR at breakthrough, 
is a function of the alkaline flood velocity. Oil production was 
complete after injection of 1.1 PV of caustic at 24 ft/day in Run 
DY-25 and 0.68 PV at 8 ft/day in Run DY-28 with equal total recov- 
ery. At a lowered rate of 2.6 ft/day shown in Figure 6, the re- 
covery efficiency of the secondary alkaline flood increased from 
72 percent at 8 and 24 ft/day to 83 percent at 3 ft/day (Run DY-56). 
An increase in production efficiency accompanied the increase in 
recovery efficiency since 72 percent of the oil in phase was re- 
covered after injecting 0.41 pore volumes of NaOH/NaCl solution. 
The significance of the increased recovery at a flood velocity of 
3 ft/day was uncertain because the recovery efficiency of oil from 
a water-wet medium could very well be a function of the irreducible 
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Fig. 6. Production efficiencies of secondary high pH/high salt 
alkaline floods as a function of pore volume throughput. 
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The improved production efficiency of the NaOH/NaCl flood 
resulted from the formation of W/O, water-in-oil, emulsions under 
the limited shear conditions. The alkaline phase imbibes into the 
oleic phase as a result of the interfacial chemical reaction. The 
swollen oil phase, together with its altered configuration, reduces 
the area available for the passage of the alkaline floodwater. The 
produced water-oil ratio, WOR, decreases as a result of the lowered 
water mobility. The consistent presence of a light, emulsion phase 
at the very end of the oil production stage indirectly confirms the 
occurrence of the in situ emulsification step. The production 
efficiency increases with decrease in injection rate because of 
mass transfer limitations of the interfacial chemical reaction; 
hydrodynamic effects would act in the opposite direction. The 
degree of in situ emulsification and wettability alteration, and 
the correspondent mobility reduction, depends on the residence 
time of the reactants in the core. 


The residual oil saturation is not decreased because the 
swollen oil phase destabilizes to its original volume after the 
emulsification step. Such creaming and flocculation of W/O emul- 
sions in a high pH/high univalent salt environment is demonstrated 
in the emulsion characterization experiments described later. The 
stable nature of these W/O emulsions, which is classified in Table 
5, precludes the formation of local regions of enhanced oil satura- 
tion through contacting of the residual oil subsequent to emulsi- 
fication and partial wettability reversal. The mechanism by which 
isolated and entrapped ganglia improved the production but not the 
recovery efficiency is illustrated in Figure 7. 


The incremental production of acidic oil by moderate pH (buf- 
fered)/high salinity alkaline systems occurred by what is believed 
to be a complete wettability reversal mechanism. Complete wet- 
tability reversal is suggested by the magnitude of the measured 
contact angle, 170° but not by the wettability index of the porous 
media. The results of the secondary and tertiary buffered floods 
appear to confirm the experimental results of Cooke et al. (4); 
the work of these researchers is discussed in a later section. It 
will be shown that this mechanism is not a direct extension of the 
emulsification and partial wettability reversal mechanism. 


In the tertiary mode floods, Figures 8 and 9, an oil bank is 
formed which is preceded by a sharp rise in both the pressure drop 
and the pH. The sharp pressure peaks in Figures 8 and 9 demons- 
strate that the oil phase was mobilized by locally high gradients 
in pressure whereas the diffuse pressure profile of the tertiary 
high pH/high salinity alkaline flood appears to be caused by the 
formation of swollen ganglia which restrict aqueous flow and which 
increase the macroscopic displacement efficiencies. 
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Fig. 7. (a) Swelling which results in an increased production ef- 


ficiency; (b) destabilization of W/O emulsions to the 
original oil saturation. 


The decreases in the water relative permeabilities of the 
high pH/high salt alkaline floods are directly contrasted with the 
increases in the relative permeabilities to water at the end of 
the moderate pH/high salt flood (compare the end point relative 
permeabilities column in Table 2). The increased permeability to 
water is believed to be caused by the formation of rigid inter- 
facial films (which increases the resistance to flow in oil filled 
pores) and by the oil-wet conditions (under which water flows in 
the less restrictive flow paths). Such a reduction in permeability, 
which has been used to indicate the existence of a low tension 
mechanism (18), is not a valid low tension index since the inter- 
facial tension minimum is only 3.5 dynes/cm and the capillary 
number is 1 x 10-4 for the buffered alkali/salt-oleic acid system. 


High pH/low salt alkaline floods, of the tertiary type, were 
found to enhance the recovery of acidic oils if the connate water 
at waterflood residual oil saturation contained a high concentra- 
tion of a univalent electrolyte such as sodium chloride (19). In 
these alkaline floods, transients in physico-chemical behavior 
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Fig. 8. Production, concentration and pressure histories of sec~ 
ondary waterflood and tertiary sodium borate/sodium 
chloride flood at pH = 8.6. 
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Fig. 9. Production, concentration and pressure histories of sec- 
ondary waterflood and tertiary sodium borate/sodium 
chloride flood at pH = 8.6. 


RECOVERY MECHANISMS OF ALKALINE FLOODING 273 


would appear responsible for the enhancement in recovery since 
tertiary production was not stimulated by either of the two con- 
stant chemistry processes which are limiting conditions. High pH/ 
low salt alkaline floods of acidic oils in a low salinity environ- 
ment resulted in emulsification and complete entrapment and high 
pH/high salt alkaline floods improved the production but not the 
recovery efficiency of acidic oils in a high salinity environment. 
The incremental production from high pH/low salt alkaline flooding 
of acidic oils in a high-salt environment is most probably due to 
wettability gradients which are established by the step change in 
electrolyte concentration at the inlet of the core. This recovery 
mechanism is very similar to the chromatographic wettability re- 
versal mechanism elucidated by Michaels and coworkers (20,21,22). 


The enhanced recovery of residual oil, which occurs as a con- 
sequence of wettability gradients in a reactive alkaline-acidic 
system, is illustrated in Figure 10. Incremental production in 
this tertiary flood begins about 0.6 PV after caustic injection 
and ends after injection of approximately 1.0 PV of caustic. This 
production is preceded by a pressure peak with a maximum which is 
two times the steady-state pressure drop of the secondary water- 
flood. The pressure drop maximum coincides with the concentration 
minimum of the hydroxyl ion species which elutes at the rear of 
the tertiary oil bank. 


The chromatographic transport of the high pH/low salt alkaline 
slug ensures a water-wet trailing edge of the tertiary oil bank 
since oleate ions promote water-wetness in low salinity environ- 
ments. The high salinity environment encountered at the leading 
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Fig. 10. Production, concentration and pressure histories of 
secondary waterflood and tertiary sodium hydroxide flood 
of brine saturated core. 
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edge of the injected alkaline slug would induce the formation of 

an oil-wet surface since oleate ions promote oil-wetness in high 
salinity environments. The residual oil is mobilized since both 
the capillary forces at the leading and trailing edges act in the 
direction of the imposed pressure gradient. Enhanced recovery as 
the direct result of such a favorable wettability gradient is re- 
flected in the elution times of the leading and trailing edges of 
the tertiary oil bank. The leading edge elutes after 0.6 PV (a 
nominal breakthrough value for these systems) and the trailing edge 
elutes after complete displacement of the high salinity connate 
water at 1.0 pore volumes of the injected high pH/low salt alkali. 
The decrease in the end-point water relative permeability after 

the chemical flood (Table 2) supports the contention that the trail- 
ing edge of the tertiary oil bank is indeed water-wet. 


Ultra-low tension: In the alkaline flooding of acidic acids, 
some reduction in interfacial tension (from 30 to approximately 
10-1 dynes/cm) is necessary for the emulsification and subsequent 
mobilization of waterflooded residual oil by the previously dis- 
cussed phase alteration mechanisms. The residual oil may also be 
mobilized and produced by a low-tension displacement process which 
is similar to surfactant flooding if the interfacial tension can be 
further reduced to ultra-low values (10-4 toe los dynes/cm). 


Typical capillary numbers of alkaline floods are listed in 
Table 6; these floods are representative of the different pH/salt 
systems investigated. The minimum interfacial tension which is 
measured between the aqueous alkaline drop and the acidic organic 
phase in a spinning-drop tensiometer is used to calculate the cap- 
illary number (23). The capillary number for the secondary water- 
flood, Ca = 8 x 10-6 is within the ranges of values reported for 
conventional waterfloods. The capillary numbers for the high pH/ 
high salt systems (e.g., Run DY-25), for the moderate pH/high salt 
systems (e.g., Run DY-102) and for the moderate pH/low salt flood 
(Run DY-106) are around the same order of magnitude, i.e., Ca ~ 
Ones Yet, the microscopic mobilization efficiency was signifi- 
cantly increased in only the moderate pH/high salt systems. The 
noncommonality of recovery efficiencies of these floods eliminates 
the viability of ultra-low tension as a significant recovery mech- 
anism in the alkaline floods studied in this work. The recovery 
efficiencies of the listed alkaline floods can be better correlated 
with the stability of emulsions and wettability alteration than 
with interfacial tension of these systems. 


Emulsification and coalescence: The possibility of enhancing 
oil recovery from porous media by a spontaneous emulsification 
mechanism has been examined by Schechter and coworkers (6). These 
researchers postulated that residual oil, which is entrapped after 
a conventional waterflood, can be mobilized by spontaneous emul- 
sification and subsequent coalescence of small droplets with other 
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Table 6. Typical Capillary Numbers Minima Which Can Occur During 
the Dynamic Displacement of an Acidic Oil by an Alkali 
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ganglia of oil to form local regions of high oil saturation. Labo- 
ratory work was carried out with a 1-3 wt percent petroleum sulfo- 
nate solution (89 wt percent active sulfonate, 7-10 wt percent 
water and less than 1 wt percent inorganic salt). The general con- 
clusions are that the displacement of residual oil is significantly 
improved if spontaneous emulsification occurs between the bulk 
phases and that displacement efficiency is favored by the high co- 
alescence rates of the bulk phase emulsions. 


Preferential partitioning of the sulfonate into the oil phase 
was determined as a necessary condition for the spontaneous emul- 
sification of the organic and aqueous phases. Schechter and co- 
workers (6) suggested that the conditions necessary for spontaneous 
emulsification are similar to the conclusions of Sterling and 
Scriven's theoretical analysis (24) on the occurrence of interfa- 
cial instabilities across a planar liquid-liquid interface. This 
analysis suggests spontaneous disruption of a planar-planar inter- 
face if the solute simultaneously transfers out of a phase with 
lower diffusivity and larger kinematic viscosity and decreases the 
interfacial tension. Ultralow tensions were not, however, a suf- 
ficient condition for spontaneous emulsification in the aqueous 
sulfonate-oil systems; e.g., an organic n-octane aqueous sulfonate 
system which had an interfacial tension of 0.0011 dynes/cm did not 
spontaneously emulsify whereas the toluene-sulfonate system with 
an interfacial tension of 0.4 dynes/cm did spontaneously emulsify. 
The ultralow tension mechanism was not operative in these systems 
since the capillary number was approximately 5 x 10-3 in the re- 
covery of 64 percent of the residual oil from a Berea sandstone 
core. It should be noted that in this particular flood, approx- 
imately one-half of the residual oil was recovered as a distinct 
oil bank before emulsion broke through at 1.02 pore volumes; in 
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fact, early breakthrough in this test suggests a high permeability 
streak or a fracture in the flow direction. 


Spontaneous emulsification in the water-sulfonate-oil system 
used by Schechter et al. (6) must have occurred by a diffusion and 
stranding mechanism (24). Diffusion creates local regions of super- 
saturation with the formation of emulsion droplets (stranding) from 
phase transformation in these areas... The presence of a third com- 
ponent (sulfonate) which is of common but limited miscibility with 
the other mutually immiscible phases, is a prerequisite to the 
diffusion and stranding phenomenon. Wasan et al. (17) have 
presented photomicrographs of the diffusion and stranding phenome- 
non occurring between a non-preequilibrated aqueous petroleum sul- 
fonate (3 wt percent active)-crude oil system. The photomicrographs 
were made from low speed photography of the two phases which were 
contacted by imbibing the aqueous phase into the oil phase sand- 
wiched between a glass slide and a cover plate. Wasan et al. (17) 
have also demonstrated that surfactant formulations which exhibited 
low interfacial tensions and low interfacial viscosities (high 
coalescence rates) yield good enhanced oil recoveries. 


The type and nature of the emulsion which forms at planar 
liquid-liquid interfaces between an alkaline aqueous solution and 
an acidic organic phase were investigated theoretically and experi- 
mentally in the present work in order to develop an Emulsification 
and Coalescence recovery process for acidic oils. 


Theory of emulsion stability: Emulsions can show instability 
by creaming, by inversion and by breaking (demulsification). 
Creaming refers to the separation of an emulsion into a concen- 
trated disperse and a dilute disperse phase. Creaming is consid- 
ered to be a sedimentation phenomenon which occurs by the inter- 
action of gravity and buoyancy forces. Emulsion instabilities can 
cause an oil-in-water (0/W) emulsion to change into a water-in-oil 
(W/O) emulsion and vice versa. This phenomenon is called inversion. 
The demulsification process occurs by the aggregation of droplets 
of the dispersed phase (flocculation) and combination of the ag- 
gregates to form a single drop (coalescence). Flocculation is 
often reversible. Coalescence, which is irreversible, decreases 
the number of droplets and can result in complete demulsification. 
Flocculation is rate-limiting in dilute emulsions whereas coales- ~ 
cence is rate-determining in concentrated emulsions. Demulsifica- 
tion can be accompanied by creaming and inversion. 


The surface of O/W emulsions, which are stabilized by surface 
active salts of polyelectrolytes, usually carries a negative charge. 
O/W emulsions are formed if the interfacial film consists of a 
molecular complex with an oil-soluble component and an ionizable 
water-soluble component (25). The simple oriented-wedge theory of 
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Langmuir and Harkins (26) suggests that the polar groups would 
orient towards the water phase of an O/W emulsion which is stabil- 
ized by a monomolecular film of surface active agent such as a 
sodium oleate soap. The carboxylic heads penetrating the oil phase 
are mostly ionized so that at the surface of the drop will be the 
carboxyl ion (-c#°_) and the droplet will be surrounded by negative 
charges. The double layer extends only short (1073 =-10=4 um) dis- 
tances in water-continugus emulsions so that the potential energy 
is essentially zero at the surface with regard to infinite distance 
at the surface of the droplets; consequently, the total energy 
barrier must be overcome before flocculation can occur (25). This 
rate limitation in flocculation would tend to make O/W emulsions 
more stable than W/O emulsions. 


Geometric considerations, as can be illustrated by the simple 
oriented-wedge theory, suggest that there should be two or more 
lipophilic tails to the single hydrophile, i.e., the hydrophile 
should be at least divalent (27). Indeed, it has long been estab- 
lished that soaps of univalent metals favor the formation of 0O/W 
emulsions and those of multivalent ions favor the formation of W/O 
emulsions. Clowes (28) has suggested that sodium, potassium and 
lithium soaps will give O/W emulsions. Holmes (29) also listed 
gelatin, saponin, albumin, lecithin and casein as O/W emulsifiers 
and gum dammar, rosin, rubber, and cellulose nitrate as W/O emul- 
sifiers. Albers and Overbeek (25) observed that the soaps of poly- 
Vialentemetalce (Ad ss Bar. Ca Cd. Cole Felll | Heit Mes Why Wht Ip. 
Sr, and Zn) promote W/O emulsions which flocculate; some of the 
flocculated emulsions are stable against coalescence, others are 
not. The stabilization of coalescence by some oleates of polyvalent 
metals was found to result from the formation of a thick film of 
complex hydrolysis products. This observation confirms the findings 
of Wasan et al. (17) that coalescence rates could be inversely 
related to interfacial viscosities or thickness of the interfacial 
film (0.7-0.3 um). 


Under the right conditions of pH, temperature, and concentra- 
tion, stable O/W emulsions can be converted to W/O emulsions which 
are also stable. The addition of a calcium salt to a sodium soap- 
stabilized O/W emulsion can cause the inversion to a W/O emulsion. 
Clowes (28) observed that this occurred with intense Brownian move- 
ment which could be Marangoni in nature. Emulsions can also be 
inverted by adjustment of the concentration of 1:1 electrolytes. 
Kremnev and Kuibina (30) report that O/W emulsions of the benzene/ 
0.3M sodium oleate system were broken and inverted by adjusting 
the aqueous phase to a 0.25-0.3M NaCl concentration. King (31) 
points out that sodium oleate at a concentration of 1.0 percent 
normal gives O/W emulsions whereas a W/O emulsion may result at 
much lower concentrations; in the latter case, the sodium oleate 
behaves as a normal electrolyte rather than as a colloidal elec- 
trolyte as in the high oleate concentration O/W emulsions. It 
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should be noted that the type of emulsion depends on the ratio of 
the ionic concentrations of uni- and multivalent ions present in 
solution. Clowes (28) called this an "ion antagonism phenomenon." 


Macroemulsion stability between aqueous alkaline and acidic 


oil systems: The rates of flocculation and/or coalescence can be 
inferred from plots of the ratio of the emulsion volume to the 
total volume, V./Vr> versus time as shown in Figures 11 and 12. 
The influence of salt concentration on the emulsion character of 
univalent surface-active salts is detailed in Figure 11. After 
shearing, the change in emulsion type with concentration is readily 
distinguishable by the change in the color of the emulsion phase. 
O/W emulsions are formed at low electrolyte concentrations, < 0.3M 
NaCl, and W/O emulsions are formed at high electrolyte concentra- 
ions, > 0.3M NaCl. The continuous phase at 0.3M NaCl was inde- 
terminable, by the simple method previously discussed. This emul- 
sion phase collapsed to a value of V./Vp of 0.1 between 10,000 
minutes (limit of time scale of Figure 11) and 15,000 minutes (last 
observation point); all the other emulsion phases formed with uni- 
valent alkalis at high pH's flocculated to Vo/Vp = 0.5 over the 
observation period. The flocculation rate of the W/O emulsions is 
faster than the O0/W emulsions because of double layer effects (25). 
The W/O emulsions flocculated but did not coalesce because of the 
presence of interfacial films discussed by Wasan et al. (17). The 
relative rates of flocculation of either the O/W or the W/O emul- 
sions appear to depend on the concentration of electrolyte; however, 
the data are insufficient to make a more definitive statement at 
this time. 


The effects of divalent ion concentration on the emulsion 
stability at high values of pH are shown in Figure 12. The emul- 
sion type changes from 0/W to W/O at high concentrations of CaCl5. 
The rates of coalescence at the low CaCl, concentrations, not shown 
on Figure 12, are very similar to the O/W emulsions with the uni- 
valent salt shown in Figure 11; V./Vr = 0.5 at 15,000 minutes in 
these systems. The W/O emulsion phase formed by reacting barium 
hydroxide with oleic acid coalesced much more rapidly than the 
emulsion phases formed by reacting oleic acid with alkalis con- 
taining calcium. This relative ordering of stability is in agree- 
ment with the findings of Albers and Overbeek (25). Interestingly, 
the rate of coalescence of the 0.025M NaOH/0.02M CaCl5-oleic acid 
system is greater than the 0.02M Ca (OH) 5/0.02M CaCl,-oleic acid 
system. The lower rate in the high calcium environment is probably 
caused by steric hindrance of the large calcium oleate salts 
present at the oil-water interface. Sodium borate at pH = 8.6 in 
a high salt environment forms unstable W/O emulsions with oleic 
acid. These emulsions are, however, more stable than those formed 
with divalent alkalis. 
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Fig. 11. Flocculation rate of emulsions as a function of time. 
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Fig. 12. Coalescence rate of emulsions as a function of time. 


Recovery of acidic oils with alkaline agents by an emulsifi- 
cation and coalescence mechanism: Calcium hydroxide [Ca (OH) 9] was 
used to verify the emulsification and coalescence concept since, 
as suggested by the theoretical and experimental evidence of an 
earlier section, the carboxylic salts of divalent ions form un- 
stable emulsions of water-in-oil. The emulsification and coales-— 
cence concept was quantitatively verified by secondary and tertiary 
flooding of partially oil-saturated sandpacks. A tertiary chemical 
flood with Ca (OH) 5 (pH = 12) recovered 44 percent of the waterflood 
residual oil from a 3.5-darcy Ottawa sandpack; the oil had an acid 
number of 2 and a viscosity of 1.5 cp. A secondary caustic flood 
with Ca(OH) 5 (pH = 12.32) recovered 82.3 percent of the original 
oil in place from a 0.25-darcy Ottawa sandpack; the oil phase in 
this secondary flood had the same physical and chemical properties 
as the oil phase used in the tertiary mode flood. It should be 
noted that the microscopic mobilization efficiencies of these 
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floods are not strongly dependent on the geometry of the porous 
media. This nondependence on geometry is typical of systems which 
increment the recovery of oil by a phase alteration mechanism. 


The results of the tertiary and Ca(OH) 9 secondary floods are 
presented in Figures 13 and 14. In the waterflood, breakthrough 
of the flood water occurred after injection of 0.6 pore volumes of 
distilled water. The secondary waterflood recovered 71.7 percent 
of the original oil in place. In the subsequent tertiary mode 
alkaline flood, oil appeared in the effluent after 1.2 pore volumes 
of calcium hydroxide were injected into the waterflooded core. The 
tertiary oil production was delayed because a finite residence time 
is required for emulsification of the entrapped residual oil, co- 
alescence of the water-in-oil emulsion and subsequent mobilization 
of the coalesced droplets into an oil bank. 


The tertiary oil bank is preceded by a pressure pulse which 
is about five times the single, aqueous phase pressure drop. This 
enormous pressure pulse, which peaks at 1.2 pore volumes of Ca(OH) 9 
injected, probably results from flow restriction (temporary perme- 
ability reduction) caused by the emulsification of the residual oil 
by the alkaline phase. This probable cause can be inferred from 
the following: 


(i) The pressure pulse which preceded the tertiary oil bank 
is about three times that of the pressure pulse which 
preceded the oil bank in the secondary flood. This dif- 
ference indicates that some mixture of phases (other than 
two immiscible phases) were mobile in the porous medium. 


(ii) The caustic consumption is a maximum at T = 1.2 PV, 
i.e., at the start of the tertiary oil production. 
The position of this maximum suggests that most of 
the emulsification occurs before any enhanced oil is 
produced. 


(iii) A clear and@distinct: o11 phase was produced throughout 
the tertiary recovery mode. Traces of an emulsion 
phase were observed after the tertiary oil bank was 
produced. 


The plot of dimensionless pressure drop versus pore volumes 
injected for the secondary mode alkaline flood (Figure 15) indicates 
that breakthrough occurs at the same amount of pore volumes during 
the waterflood (i.e., tT = 0.58 PV approximately) and during the 
calcium hydroxide flood. However, in the secondary mode alkaline 
flood, the pressure drop continues to increase because of the in 
situ formation of a water-in-oil emulsion phase after breakthrough. 
As in the tertiary mode alkaline flood, the emulsified phase re- 
stricts the flow of the displacing phase and increases the pressure 
drop. The increased AP indicates the formation of an oil bank 
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Fig. 13. Production, concentration and pressure histories of sec- 
ondary sodium chloride flood and tertiary calcium hydrox- 
ide-fltiood at pH = 1270. 
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Fig. 14. Production, concentration and pressure histories of sec- 
ondary calcium hydroxide flood at pH = 12.3. 
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Fig. 15. Production, concentration and pressure histories of ter- 
tiary barium hydroxide flood as a function of pore vol- 
umes throughput. 


which also reaches a maximum saturation at 1.25 PV of calcium 
hydroxide injected. 


The pressure history of the secondary alkaline flood reflects 
the formation of a secondary oil bank behind the immiscible phase 
oil bank. This secondary oil bank results in an overall recovery 
which is above that obtained by secondary waterflooding or by sec- 
ondary caustic flooding with an univalent ion of high electrolyte 
concentration. The concentration history of the fractional water 
production during the secondary calcium hydroxide flood represents 
the total consumption of the hydroxyl ion. This consumption curve 
is made up of consumption due to adsorption of the silica surfaces 
and consumption due to the in situ chemical reaction which forms 
the more oil-soluble, surface-active salt, calcium oleate. 


The single-phase adsorption loss profile can be used to de- 
couple the interfacial chemical reaction loss from the total con- 
sumption of the hydroxyl ion during the secondary alkaline flood. 
A single-phase adsorption loss profile was made prior to the 
secondary-mode multiphase experiment; the sandpacked core was re- 
conditioned to a neutral pH before the multiphase experiment by 
partial desorption with water, neutralization with 0.01M HCl solu- 
tion, and flushing with copious quantities of triple distilled 
water. The major consumption of alkali by interfacial chemical 
reaction occurs during the oil production period of the secondary 
alkaline flood illustrated in Figure 14. 
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Ninety-two percent of the oil is produced before breakthrough 
of the hydroxyl ion at T = 1.45 PV. The first evidence of an acid- 
base reaction occurs at the trailing edge of the primary oil bank 
at T = 0.7/8 PV. The oleic acid concentration in the oil phase is 
a minimum at T = 0.78 PV. The surface active oleates of calcium 
which are formed by the interfacial chemical reaction stimulate the 
production of a secondary oil bank. The oleic acid concentration 
in the oil phase peaks» at the oil cut peak of the chemically stimu- 
lated oil bank at tT = 1.72 PV during a period of minimum contact. 
The concentration of the oleic acid displays a diffuse minimum at 
the trailing edge of the secondary oil bank. Incremental recovery 
of acidic oil by an Emulsification and Coalescence mechanism in the 
secondary calcium hydroxide flood can be inferred from the follow- 
ing experimental observations: 


(iv) There is a continued increase in dimensionless pres-— 
sure drop after breakthrough of water in the primary 
oil bank. This pressure drop peaked at 1.25 PV, imme- 
diately.after the oil cut production peak at 1.12 PV. 


(v) The oleic acid concentration in the oil phase occurs 
at the start of enhanced oil production. The emul- 
sification, which is partly responsible for the 
pressure rise, must have occurred before any incre- 
mental oil was produced. 


(vi) Although a clear and distinct oil phase was produced 
throughout the production of the oil bank in the 
secondary waterflood, traces of an emulsion phase 
were observed after the oil bank was produced in 
the alkaline flood. 


A barium hydroxide flood was carried out to further test the 
Emulsification and Coalescence concept in the recovery of acidic 
oils. It was thought that barium hydroxide would be a good test 
for the Emulsification and Coalescence mechanism, since as dis- 
cussed earlier, W/O emulsions stabilized by barium oleate were the 
most unstable of the emulsions studied. The pressure and produc— 
tion history of a tertiary-mode barium hydroxide is graphed in 
Figure 15. No incremental oil production was obtained although 
the pressure drop across the core was higher than the pressure 
peak in the secondary waterflood. The constancy in the pressure 
drop of this tertiary mode alkaline flood (Figure 15) suggests that 
some permanent alteration in the fluid distribution occurred within 
the stimulated reservoir core. Permanent wettability alteration 
to oil-wet could have occurred since multivalent ions such as 
barium and calcium are known to adsorb (15,32) on negatively charged 
quartz surfaces. Oleate ions, with their hydrophilic tails stick- 
ing out, would then associate with the chemisorbed calcium ions 
in the Stern layer (32)/° It is speculated that the relaxation 
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time for the Emulsification and Coalescence process for barium 
oleate stabilized emulsions is smaller than the flow time required 
for the contacting of adjacent ganglia of residual oil which have 
been mobilized. After coalescence, the surface active agents dif- 
fuse away from the oil-water interface through the water phase and 
adsorb onto the rock surface. The pressure drop in the tertiary- 
mode alkaline flood increases above that of the secondary-mode 
waterflood because the wettability alteration causes configurational 
changes in the ganglia of residual oil. 


The production and pressure history of a tertiary-mode 0.025M 
NaOH/0.02M CaCl, flood at pH = 12.4, illustrated in Figure 16, are 
similar to the pressure and production history of the tertiary-mode 
0.02M Ba(OH)» flood depicted in Figure 15. The coalescence rate of 
the W/O emulsions formed by contacting 0.025M NaOH/0.02M CaCl» with 
oleic acid lies between the rate for the emulsions formed by con- 
tacting 0.02M Ba(OH)» and 0.02M Ca(OH), (Figure 12). The incre- 
mental production of 16.4 percent of the original oil in place also 
lies between the incremental production of the tertiary-mode barium 
hydroxide and the tertiary-mode calcium hydroxide flood. This cor- 
relation could have resulted because the coalescence rate was low 
enough to allow some contacting of the residual oil ganglia but 
high enough to allow redistribution of the oil which is mobilized 
by the emulsification mechanism. The pressure drop across the core, 
which remains high and constant, reflects configurational changes 
within the core which are most likely due to altered states of 
wettability. 
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volumes throughput. 
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The pattern of incremental recovery with increasing stability 
of unstable W/O emulsions is maintained by the buffered sodium 
borate/sodium chloride mixture which is on the right of the W/O 
emulsion coalescence plot of Figure 12. In the tertiary mode 0.05 
Na»B,07/1.0M NaCl flood, Figure 8, an oil bank is preceded by a 
sharp rise in both pressure drop and pH. Among the buffered alka- 
line floods (5), the highest tertiary recovery of residual oil was 
obtained with the sodium borate/salt floods at a json Lipo Allnale 
result confirms the experimental work of Cooke et al. (4). However, 
Cooke et al. (4) alleged that the high recovery efficiencies of the 
residual oil occurred predominantly by an emulsification and wet- 
tability reyersal (from water-wet to oil-wet) mechanism. Equilib- 
rium displacement experiments of 0.05 Na»B,07/1.0M NaCl-oleic acid 
traced mineral oil systems in similar sandpacks indicate that no 
permanent alteration in wettability occurs after displacement be- 
tween these reactive systems (5), c.f. values of wettability indices 
in Table 4. Contact angle measurements do indicate alteration of 
contact angle from 30° for the nonreactive oil-water system to 180° 
for the reactive oil-water system (19). Thus, transient changes in 
wettability with some emulsification could have been responsible 
for the mobilization of the residualjosl. Cooke et al. (4) also 
correlated the maximum in recovery efficiency with the highest in- 
terfacial viscosity which purportedly increased the stability of 
emulsion droplets and residual oil lamellae and subsequently caused 
the locally high pressure gradients. Somasundaran et al. (33) ob- 
tained a good correlation between the pH (7.8) of maximum concentra- 
tion of an ion-molecular reaction product A»HNa and the pH (8.5-9.5) 
of maximum surface activity of oleate solutions and the maximum 
floatability of hematite ore; it was suggested that the small dif- 
ferences in these maxima were caused by the difference in surface 
pH and bulk solution pH. The high concentration, along with the 
steric effects, of the ion—-molecular complex at the oil-water in- 
terface would increase the thickness of interfacial films and the 
interfacial viscosity. This interfacial film can cause interfacial 
rigidity and promote local increases in pressure drop; the ion- 
molecular complexes in the film can also adsorb onto the rock sur- 
face and alter the configuration (through a wettability change) of 
residual oil ganglia. 


Thus, it appears that the high recovery of the buffered borate/ 
salt system was obtained by an Emulsification and Coalescence mech- 
anism in which the mobilization step was promoted by an emulsifica- 
tion and transient wettability alteration process and in which the 
production step was initiated by a coalescence process and aided by 
interfacial film formation. Mobilization of residual oil in the 
calcium hydroxide floods appear initiated by an emulsification 
mechanism which swells the residual oil and increases its apparent 
saturation. Contacting of adjacent ganglia of residual oil is made 
as the result of swelling of the residual oil with concomitant 
wettability alteration. The mechanisms by which an emulsification 
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and coalescence process increase the production and recovery effi- 
ciencies of oil from a porous medium is illustrated in Figure 17. 
The actual oil saturation and permeability increase locally after 
coalescence of swollen ganglia into a volume or saturation which 
was less than the waterflood's residual volume or saturation (as 
illustrated in Figure 12). Emulsification and partial wettability 
alteration of residual ganglia in the univalent alkaline (high pH/ 
high salt) floods decrease the water permeability as the result of 
flow restriction. The reduced permeability results in an increased 
production efficiency. The recovery efficiency of the high pH/high 
salt floods are not increased because the swollen residual oil 
ganglia flocculate into a volume or saturation which is equal to 
the waterflood's volume or saturation (as illustrated in Figures 7 
and 11). Thus, the data and theory presented suggest that produc-— 
tion and recovery efficiencies of acidic oils from porous media can 
be improved by alkaline flooding via an Emulsification and Coales-— 
cence mechanism. 


CL 


(to 


Fig. 17. (a) Emulsification or swelling which results in increased 
production efficiency; (b) coalescence which results in 
increased recovery efficiency. 
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CONCLUSIONS AND SIGNIFICANCE 


(i) EMULSIFICATION AND ENTRAINMENT, which increases the 
recovery, occurs during increased-rate, high pH flood- 
ing of low acid-number oils in low salinity environ- 
ments. 


(ii) EMULSIFICATION AND ENTRAPMENT, which improves the sweep 
efficiency, occurs during the high pH flooding of mod- 
erate acid-number oils in low salinity environments. 


(iv) COMPLETE WETTABILITY REVERSAL (Water- to Oil-Wet) in- 
creases the recovery of acidic crudes in moderate pH 
flooding in high salinity environments. 


(v) PARTIAL WETTABILITY REVERSAL (Water- to Oil-Wet) in- 
creases the rate of production in high pH flooding 
of acidic crudes in high salinity environments. 


(vi) CHROMATOGRAPHIC WETTABILITY REVERSAL (Water- to Oil- 
to-Water-Wet) increases the recovery of acidic crudes 
in high pH flooding of systems with salinity gradients. 


(vii) EMULSIFICATION AND COALESCENCE increases the rate of 
production and recovery in systems which spontaneously 
form unstable W/O emulsions. 


It was determined from dynamic displacement experiments that 
alkaline flooding of acidic oils with hydroxides of certain diva- 
lent cations increased the production and recovery efficiencies 
above that obtained by alkaline floods with hydroxides of univalent 
ions with or without high electrolyte concentration. The increased 
efficiencies resulted from an Emulsification and Coalescence mech- 
anism. 


The first stage, Emulsification, is accomplished by the in situ 
formation of surfactants which can promote emulsification through 
shear driven forces (external and/or internal pressure gradients) 
and/or by surface driven forces (spontaneous emulsification). 
Emulsification, with concomitant wettability alteration, reduces 
the permeability of the aqueous phase as a result of flow restric- 
tion and increases the production efficiency of the improved water- 
flood. The second stage, Coalescence, involves the recombination 
of the emulsified droplets to form local regions of high oil satura- 
tion with a correspondent increase in the permeability of the oil 
phase. The local regions of high oil saturation further combine to 
form a mobile oil bank. The formation and production of such an 
oil bank, under externally imposed pressure gradients, improves the 
recovery efficiency of oil from waterflooded cores above that ob- 
tained by conventional processes. Emulsification and Coalescence 
of capillary retained oil are interdependent processes. The emul- 
sions will recoalesce if they are unstable in nature; the nature of 
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this instability depends on the emulsification process. Emulsifica- 
tion and Coalescence also partially utilizes the Emulsification and 
Entrapment and the Emulsification and Entrainment mechanisms to 
improve the overall recovery efficiency. 


The recovery of acidic oils via an Emulsification and Coales- 
cence mechanism is very similar to the recovery of nonacidic oils 
by petroleum sulfonate solutions (6). Although high coalescence 
rates are prerequisites to the success of both systems, the recov- 
ery efficiencies of alkaline-acidic systems appear to be inversely 
related to the rate of coalescence. It is speculated that the 
relaxation time for coalescence must be greater than the flow time 
required for the contacting of adjacent ganglia of residual oil 
which have been mobilized by emulsification and wettability altera- 
tion processes. Yet coalescence was a necessary condition for en- 
hanced recoveries since systems (such as hydroxides with univalent 
cations) in which the emulsion phase flocculated into the original 
oil volume did not improve the recovery efficiency. Some reduction 
in interfacial tension (10-1-100 dynes/cm) is required for the 
emulsification step although ultralow tension (10-2=1,0-4 dynes/cm) 
was not necessary to the alkaline recovery processes. This obser- 
vation concurs with an identical result of Schechter and coworkers 
(6). The two steps to this recovery mechanism, Emulsification and 
Coalescence, appear to be necessary and sufficient conditions for 
the enhanced production and recovery of nonacidic (6) and acidic 
oils. 


NOMENCLATURE 
A Area, em2 
Ca Capillary number, ratio of viscous to interfacial forces, 
H,V/5,,,cos8 


Epw Recovery efficiency of waterflood, (S isoore. | Sot 

Epc Recovery efficiency of chemical flood, (Saar Sar edl Spd 

Epp Residual recovery or microscopic mobilization efficiency, 
(Sorw Sorc) /Sorw 

k Permeability, darcy 

L Length of flow field, cm 

M Molarity, moles/liter 

NaA Sodium oleate 

O/W Water external oil emulsions 


pH Negative logarithm to the base 10 of hydrogen ion concentra- 


tion 
PV Pore volume, cc 
S With subscript, saturation 
S Without subscript, stable emulsion phase 
US Unstable emulsion phase 
V Volume, cc 
Vv Velocity, cm/sec 


W/O Oil external water emulsions 
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Greek Letters 


see Sh ta) 3S 25) 


Contact angle measured through water phase 
Viscosity, centipoise 

Pore volume, cc 

Interfacial tension, dynes/cm 

Porosity, pore volume/bulk volume 


ge 


Subscripts 


Gas 

Liquid 

Oil 

Inttialy oi 1 

Residual oil to chemical flood 
Residual oil to water flood 
Irreducible water 

Relative to oil during water flood 
Relative to water 

Relative to water during chemical flood 
Water 


Superscripts 


) 


Endpoint 
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THE ROLE OF ALKALINE CHEMICALS IN OIL DISPLACEMENT MECHANISMS 


T. C. Campbell 


The PQ Corporation 
Research & Development Center 
Lafayette Hill, Pennsylvania 19444, U.S.A. 


Alkaline inorganic chemicals such as sodium silicates, sodium 
hydroxides, sodium carbonate, and sodium phosphates have been added 
to injection fluids used in enhanced oil recovery systems. These 
chemicals can, in varying degrees, affect various rock and fluid 
parameters such as interfacial tension, interfacial viscosity, 
emulsion stability, rock wettability, hardness-ion content, ion- 
exchange capacity or equilibria, surfactant adsorption, phase 
equilibria, etc., in order to improve recovery efficiency for re- 
sidual oil remaining after waterflooding. 


This paper discusses the solution properties of the various 
alkaline chemicals which are important in chemical flooding systems. 
Data on the comparative efficiencies of highly alkaline sodium sili- 
cate solutions and sodium hydroxide solutions in recovering a heavy 
California crude oil from Berea sandstone cores by alkaline water- 
flooding are presented. A study on the use of various alkaline 
chemicals as a preflush for the removal of hardness ions from res- 
ervoir brine in Berea sandstone cores was made, and part of these 
findings are presented. Finally, some preliminary results on the 
increased recovery obtained with combinations of petroleum sulfo- 
nates and less-—alkaline sodium silicates are given. 


INTRODUCTION 


The addition of alkaline inorganic chemicals to injection 
fluids to promote increased recovery of crude oil had been sug- 
gested as early as 1917 by Squires (1). Other workers, such as 
Atkinson (2), Nutting (3), Beckstrom and Van Tuyl (4), and Subkow 
(5) described the benefits of various alkaline salts such as sodium 
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silicates, sodium hydroxide, sodium carbonate, sodium phosphates, 
etc., in the recovery process. A large body of laboratory studies 
and several field trials in recent years have employed alkaline 
chemicals, either as the primary enhanced recovery agents or in 
conjunction with various types of surfactants to augment the re- 
covery efficiency of the surfactants. An excellent review of 
alkaline waterflooding has been published by Johnson (6), which 
covers the laboratory studies and field trials performed prior to 
1976. In the area of surfactant flooding, many processes have 
been developed which utilize alkaline salts as a preflush solution 
to condition the reservoir prior to injection of the surfactant. 
Also, the alkaline salts can be added to the surfactant solution. 
Examples of these processes have been patented by Holm (7) and 
Chang (8). Many other patents and articles on these types of pro- 
cesses have been published, which are too numerous to list. 


CHEMICAL PROPERTIES NEEDED FOR IMPROVED OIL DISPLACEMENT 


Several processes can be employed to modify the chemical en- 
vironment of the reservoir fluids in order to improve the relative 
mobility of the crude oil. Among these are removal of hardness 
ions from the brine by precipitation or sequestration, changes in 
surface forces at the fluid interfaces and between the fluids and 
rock surfaces, emulsification, changes in adsorptivity of the rock 
surfaces, and reaction with acidic substances in the crude oil to 
form surfactants at the fluid interface. 


The ability of the various alkaline chemicals to affect the 
above processes is summarized in Table 1 which compares sodium 
orthosilicate, sodium hydroxide, sodium carbonate and sodium tri- 
polyphosphate. 


ALKALINE FLOODING 


The chemicals which have been used, or are being used, for 
alkaline flooding are sodium orthosilicate and sodium hydroxide. 
Sodium carbonate and sodium tripolyphosphate are not alkaline 
enough to react with the acids in crude oils. Johnson (6) and 
Mungan (9) have published reviews of alkaline flooding in which 
they summarize the proposed mechanisms of oil displacement (Table 
2) and some of the important parameters for selection of alkaline 
flooding candidates (Table 3). These topics are covered in these 
two publications and will not be discussed further in this paper. 


In a recent publication (10) a comparison was made between 
sodium orthosilicate and sodium hydroxide in recovering residual 
crude oil after waterflooding in Berea sandstone cores. The crude 
oil was a sample from a coastal California reservoir, for which an 
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Table 2. Proposed Mechanisms for Alkaline Waterflooding 


1) Emulsification and Entrainment 


2) Wettability Reversal (Oil-wet to Water-—wet 
or vice versa) 


3) Emulsification and Entrapment 


4) Mobility Control 


Table 3. Important Parameters for Selection of Alkaline 
Flood Candidates 


Dp eAcidiiyotsGrudes Oil 

2) Viscosity and Density of Crude Oil 
3) Reservoir Temperature 

4) Permeability and Porosity 

5) Rock Reactivity 


6) Salinity and Hardness of Reservoir Brine 


alkaline field trial is in progress. Sodium orthosilicate will be 
used in this trial. The results of the laboratory oil displacement 
studies are presented in Tables 4 and 5. Table 4 presents the 
results for continuous flooding with sodium orthosilicate and sodium 
hydroxide at concentrations of 0.15%, 0.25% and 0.50% by weight in 
injection fluids also containing 0.75% NaCl. Table 5 gives the 
results for the runs made with 0.5 PV of alkali injected, followed 
by brine injection. 


The data from these tests show that sodium orthosilicate is 
more effective than sodium hydroxide in recovering residual oil 
under the conditions studied, both for continuous flooding and 
when 0.5 PV of alkali was injected. The mechanisms through which 
sodium orthosilicate produced better recovery than sodium hydroxide’ 
in this system have not been completely elucidated. Reduction in 
interfacial tension is similar for both chemicals, so other factors 
must play a more important role. Somasundaran (26) has shown that 
sodium silicates are more effective than other alkaline chemicals 
in reducing surfactant adsorption on rock surfaces. Wasan (27,28) 
has indicated that there are differences in coalescence behavior 
and emulsion stability which favor sodium orthosilicate over sodium 
hydroxide. Further work is being done in this area in an attempt 
to define the limits of physically measurable parameters which can 
be used for screening potential alkaline flooding candidates. 
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ALKALINE PREFLUSH AGENTS IN MICELLAR-POLYMER FLOODING 


The use of preflush systems for conditioning oil reservoirs to 
provide an optimum environment for surfactant-based enhanced recov- 
ery systems has been extensively documented (11-22). These pre- 
flush systems are based upon three different approaches to reservoir 
conditioning, which are as follows: 

- 

* Design the preflush and surfactant systems 
with balanced concentrations of monovalent 
cations and divalent cations which would 
minimize the ion-exchange from the clays 
in the reservoir. 


Preflush the reservoir with slugs of high 
monovalent cation salinity so that the di- 
valent cations are exchanged from the 
reservoir clays and eluted through the 
reservoir ahead of the surfactant slug. 


Inject alkaline chemicals which can disrupt 
or minimize the ion-exchange process by 
various mechanisms, such as adsorption, 
precipitation or ionic effects. 


A study to compare alkaline and soft saline preflush systems 
for removal of hardness ions from reservoir brines was presented 
recently (23). In this study, Berea sandstone cores were saturated 
with a simulated reservoir brine containing 2.84% NaCl, 1110 ppm 
CaCl, and 490 ppm MgCly by weight. The hardness level of the ef- 
fluent from the cores was measured by EDTA titration. The initial 
brine used had a hardness ion content which was equivalent to 1500 
ppm of CaCO... 


Figure 1 presents the hardness ion profile of the effluent 
from Berea cores injected with one of the following fluids: 
* Continuous injection of 3% NaCl solution 
to greater than three pore volumes. 


* Injection of 0.25 pore volume of 0.5% 
Na,Si0, by weight in 3% NaCl solttion, 
followed by 3% NaCl solution to completion. 


* Injection of 0.25 pore volume of 0.52 
NaOH in 3% NaCl solution, followed by 32 
NaCl solution to completion. 


@ |3% Na 
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Fig. 1. Elution of hardness ions by 0.25 pore volume of Na,Si0, 
or NaOH, followed by 3% NaCl 


The hardness ion level of the core injected with 3% NaCl solu- 
tion showed a rapid drop-off after 1.0 pore volume of fluid had 
been injected. The level did not reach zero hardness due to ion- 
exchange of hardness ions from the clays in the sandstone cores. 
The injection of 0.25 pore volume of 0.5% Na,SiO, or NaOH in Si 
NaCl produced a sharp reduction in hardness ion level with no addi- 
tional elution beyond 1.2 pore volumes of injection. The alkaline 
salts effectively suppressed ion-exchange from the clays, probably 
by precipitation of the hardness ions. There was no significant 
reduction in permeability when the alkaline salts were injected. 


Figure 2 shows the effect of injecting sodium carbonate as a 
preflush chemical. In this case, the elution of hardness ions fol- 
lowed a similar pattern when only 3% NaCl solution was injected. 
The elution of hardness ions following injection of 0.1 pore volume 
or 0.5 pore volume of 0.5% NayC04 in 3% NaCl solution, followed by 
3% NaCl solution to completion, showed significant increases in 
hardness ion levels after one pore volume of fluid had been injected. 
These high levels of hardness ion eluted from the core suggest that 
the removal of Catt ion by precipitation does not occur under these 
conditions. High levels of hardness ion are exchanged from the 
clays, as shown by the increase in concentration above that of the 
resident brine. 
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Fig. 2. Elution of hardness ions by sodium carbonate injected 
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Although sodium orthosilicate and sodium hydroxide exhibit 
similar behavior in reducing the hardness ion levels in the brine 
eluted from cores which do not contain oil, there is a significant 
increase in oil recovery efficiency when sodium orthosilicate solu- 
tion is used as the preflush for a micellar-—polymer recovery system. 
These results have been documented by Holm and Robertson (19) and 
some of the comparative data are shown in Table 6. 


More recently, a field trial in the Bell Creek Field in Montana 
of a micellar-polymer recovery system was reported by Goldburg and 
Stevens (24). For this project, the preflush was 0.16 pore volume 
of 0.45% sodium orthosilicate solution injected over a period of 
130 days. 


SILICATE-SURFACTANT SYSTEM FOR OIL RECOVERY 


Considerable effort has been expended to develop a surfactant~— 
based oil recovery system that would be less complex, and poten- 
tially less costly than the various micellar-polymer systems pro- 
posed by many major oil companies, examples of which are given in 
an excellent review by Gogarty (25). One system which shows con- 
siderable promise, based on initial laboratory oil displacement 
studies, is a combination of dilute petroleum sulfonate and sodium 
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Table 6. Preflush Effect on Micellar/Polymer Recovery Efficiency 


Preflush Concentration ENT pH Oil Recovered 
Type WI % Slug. eS foe ODP. 
None SS == =— MSS 2 
NaCl 520 OS S53 79.8 

Na,Si0, 0.5 10 L650 82.8 
NaOH Oxo 10 bes yr 65.4 


Silicate injected in fairly large volumes. The experimental con- 
ditions for the oil displacement tests on this system are given in 
Table 7. 


The results from the silicate-surfactant displacement studies 
are summarized in Table 8. The slug size was varied from 0.5 pore 
volume to continuous injection, following a 0.25 pore volume pre- 
flush with soft water. The surfactant concentration was 0.10Z to 
0.25% by weight on an "as is" basis. The percent oil recovery was 
calculated from the residual oil saturation after waterflooding. 
The recovery figures are given for tests in which surfactant alone 
was injected compared to the same surfactant concentration with 
LOL by weighteot 3.22 ratio sodium silicate solution (37.67% 
solids) added to the injection fluid. The total injection volumes 
are given for each experiment. In the cases when the slug size 
was 0.5 or 1.0 pore volume, the surfactant slug was followed by 
brine until the total volume indicated was injected. The recovery 
of residual oil from the watered-out Berea cores by the silicate- 
surfactant combinations was significantly higher than when the 
surfactant was used alone, especially for the lower surfactant 
concentration levels. 


The mechanisms by which the addition of sodium silicate im- 
proves oil recovery have not been completely defined. However, 
Somasundaran (26) has shown that the addition of sodium silicate 
can significantly reduce the adsorption of surfactants on mineral 
surfaces. Also, recent tests in our laboratory, completed by 
P.H. Krumrine subsequent to this symposium, which are summarized 
in Table 9, show a 75% decrease in surfactant adsorption in Berea 
cores when no oil is present. Another factor, which may be of 
importance, is the lower interfacial tension values obtained be- 
tween thescrude oil and the surfactant solution. The data in 
Table 10 show that the addition of 1.0% by weight of 3.22 ratio 
sodium silicate solution (37.6% solids) produced a significant 
reduction in interfacial tension values compared to the values 
measured with surfactant alone. 
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Table 7. Silicate-Surfactant System for Oil Recovery 
SILICATE - 3.22 Ratio Si0,/Na,0, nt Sodium Silicate, PQ Corporation 
SURFACTANT - Stepan PETROSTEP! 420 Petroleum Sulfonate 
OIL - Kansas Crude, 34.5? API Gravity 
CORE - Berea Sandstone, 150 - 250 md Permeability, 5 cm OD by 60 cm 
TEMPERATURE — 22° —- 23°C 
FRONTAL VELOCITY - 30 cm/day 
BRB MUSH em Oe2 oot One AaNacd 
SALT CONCENTRATION - 1.0% NaCl 
BRINE COMPOSITION -°3% NaCl 


1000 ppm Catt 
500 ppm Mgtt 


Table 8. Effect of 3.2 Ratio Silicate on Surfactant Flooding 


% Recovery of OIP (PV Inj)* 


Surfactant No UoWA Bo 22 WRaveste: rh 
Slug Size Concentration Silicate Sodium Silicate Added 
Continuous 0.10 WI Z% 31.4 (4.0-PV) Woe 2 (oO  OL Pe 
Continuous O75: WHE AS (C4a0) 129) S25 S) (AO Jy) 
oO MEN 0.10 WI % == SHEARS bat Gran ore cat) 
ho@ JAY 0.25 WI % Bante (2.7 EN) == 
a5 WW 0.10 WI 2% Bison (2.0 SPV) 2220) (225 PV) 


x 
“Total PV injected to obtain recovery indicated, including 
preflush 


kk 
: PQ Corporation's "n't sodium silicate GiHieoAecolads)) 


Trade name 
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Table 9. Surfactant Adsorption in Berea Cores 


Surfactant Adsorption 4 Surfactant 
System mg/g rock Recovered 


0.25% Petrostep 
420 and 1% NaCl 0.64 mg/g ILS y.3 9 


0.25% Petrostep 

420 and 1% NaCl 

anal 606 3122 

ratio sodium 

silicate solution* 0.15 mg/g 80.0% 


4 
"PQ Corporation's nyt sodium silicate (37.6% solids) 


INJECTION SEQUENCE: 


Wy On 25) WAY one ALA NEYGIL Grollinieaionn 

Dao SOME VAOLesubiaActantascoLutdion 

3) O25) PY oie IA WeGIl Gollmieioin 

4) 1.0 PV of simulated reservoir brine 


Table 10. Interfacial Tension Values for Silicate-—Surfactant 


Systems 
BoA Wwevesio) Cyoyelsirehn Interfacial Tension 
PETROSTEP! 420 Silicate Solution” dyne/cm at 22°C 
OF WE, -- Denle2, 
O.1 WI % he) We A OILS 7/ 
Oe 25) Wa = Le WC 
Os25 Wit 1.0 WI Z% 0.088 


Solutions coatained in 1% NaCl 

IFT measured oy spinning drop technique, not equilibrated, 
15 minute spinning time 

Kansas Crude Oil 


PQ Corporation's 'n"'T sodium silicate solution (37.6% solids) 


Trade name 
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CONCLUS IONS 


* In chemical flooding processes for enhanced oil recovery, 
alkaline chemicals can be useful for hardness ion suppression or 
removal, reaction with acidic crude oils to generate surface-active 
species, reduction in surfactant adsorption on reservoir rock sur- 
faces, changes in interfacial phase properties, mobility control 
and increased sweep efficiency, oil wettability reversal and in- 
creased emulsification. 


* In alkaline waterflooding, sodium orthosilicate is the most 
effective reagent for recovering oil remaining after waterflooding. 


* For micellar—polymer systems, a highly alkaline preflush is 
more effective than a saline preflush in conditioning a reservoir 
for maximum recovery of residual oil. Sodium orthosilicate is 
more effective than sodium hydroxide for this use. 


* The addition of sodium silicate to dilute surfactant solu- 
tions promotes increased recovery of residual oil compared to the 
use of surfactant alone. 
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INTERFACIAL RHEOLOGICAL PROPERTIES OF CRUDE OIL/WATER SYSTEMS 


E.L. Neustadter, K.P. Whittingham and D.E. Graham 


New Technology Division, BP Research Centre 
Chertsey Road, Sunbury-on-Thames 
Middlesex, England 


It has been shown that a study of crude oil/water interfacial 
rheology can be used to investigate crude oil emulsion stability 
and rationalize the effect of chemical demulsifiers. Both kinetic 
factors relevant to droplet coagulation and the mechanical resis- 
tance to coalescence which gives rise to permanent emulsion stabil- 
ity can be studied and defined by these techniques. The effects of 
crude oil type, temperature and aqueous phase changes can be fol- 
lowed and used to pinpoint emulsion problems that may arise ina 
practical situation. 


Measurements of interfacial dilatational elasticities and vis- 
cosities at crude oil/water interfaces have been carried out. The 
dilatational viscosity at fixed frequency does not change materi- 
ally with time over a period of = - 3 hours. This strongly suggests 
that the nature and extent of the film relaxation process is not a 
function of time. The fall in dilatational viscosity with frequency 
indicates that the relaxation process involves mainly bulk to inter- 
face diffusion interchange. The increase of dilatational elasticity 
with time reflects the irreversible adsorption of slowly adsorbing 
high molecular weight species. 


INTRODUCTION 


The crude oil/water interface possesses very marked rheological 
properties. This can be demonstrated by the formation of wrinkled 
skins around an oil drop as its volume is reduced in water. These 
rheological characteristics have a marked effect on the resolution 
of water-in-crude oil emulsions which occur in the production and 
processing of crude oil. The incidence of water in crude oil 
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emulsions in the production of crude oil is on the increase as 
water injection to boost oil recovery is practiced more widely. 
The efficient resolution of these emulsions is becoming more im- 
portant as more oil is produced in offshore locations. In the 
refinery desalting operation, water is added to the crude oil 
stream. The coalescence of this added water with the existing 
highly saline water is necessary to adequately reduce the salt 
content. We have shown (1,2) how the oil/water interfacial rheol- 
ogy affects crude oil emulsion stability and how added demulsifiers 
modify the rheology of the interface. A study of the relevance of 
these interfacial rheological characteristics to the oil/water 
immiscible displacement process is also being carried out (3) 


The rheological properties of the crude oil/water interface 
are thus of considerable importance to the oil industry. In this 
paper we describe the techniques we have employed to study the 
interface and the conclusions we have drawn from this. 


The rheological characteristics of the crude oil/water inter- 
face arise from adsorption of crude oil surfactants at that inter- 
face. These surfactants are amphoteric and their adsorption at the 
liquid/liquid interface depends markedly on the properties of the 
aqueous phase. Attempts to produce model crude oil surfactants 
(4) showed that though the surface wetting properties of crude oils 
could be produced, the emulsion forming characteristics could not. 
We have therefore chosen to examine real crude oil/water interfaces 
in spite of the difficulties in interpretation that this sometimes 
entails. 


INTERFACIAL SHEAR VISCOSITY 


Interfacial shear viscosity has been measured using a biconical 
bob torsion pendulum as previously described (4). We have examined 
whether the apparatus allows a reliable torque transmission property 
of the interface to be measured. It has been shown that slip does 
not occur at the extremities of the interfacial annulus (i.e., at 
the bicone bob or at the glass container wall) (6). The measure- 
ment was also not unduly sensitive to precise location of the knife 
edge of the bob at the interface. Whilst it has been pointed out 
(7) that such a device fails in the region of low interfacial vis- 
cosity, it is very effective for measuring high interfacial vis- 
cosities. It is our belief that only high interfacial viscosities 
are of practical significance in crude oil/water systems and that 
the biconical bob pendulum viscometer is suitable for this study. 


Our earlier work (1) highlights problems in determining whether 
or not interfacial shear viscosity is a measure of the ease of emul- 
sification or emulsion resolution. Thus, it was shown that Iranian 
Heavy crude oil forms extremely stable water-in-crude oil emulsions, 
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whereas those formed by Kuwait and Forties oils are not so intrac- 
table. The interfacial shear viscosity for all these crude oil/ 
water interfaces is, however, very similar (l). 


The interfacial viscosity of some crude oils can show consid- 
erable batch to batch variation. Such crude oils are also sensitive 
to loss of light end components by degassing of the crude. It is 
considered that the extent of this gas removal is primarily respon- 
sible for the viscosity changes, reflecting changes in the crude 
oil solvency character for the crude oil surfactants (1). 


The viscosity measurement probes the whole "interphase" volume 
and responds to small changes in adsorption in that region. In 
contrast the film compression experiments described below show less 
variation and reflect the fact that all but the most surface active 
species are squeezed out during the compression experiment. 


Highly viscous interfacial films will retard the rate of oil 
film drainage during coagulation of the water droplets. This can 
lead to greatly reduced rates of emulsion breakdown. Viscoelastic 
films act as strictly mechanical barriers to coalescence and hence 
emulsion stability is high. The time taken to build up these vis- 
cous or viscoelastic films is important in the formation of emul- 
sions, particularly in the high water content water-in-oil mousse 
emulsion. Thus, in cases where little interfacial compressibility 
resistance to coalescence occurs, stable mousses will be formed if 
high yn. is observed and if time is given for these viscous films 
to build up. 


Low interfacial viscosities do not, however, imply that an 
emulsion will be unstable. The coalescence of water droplets is 
governed by the compressibility of the interfacial films formed. 
The extent of film viscoelasticity cannot be determined for inter- 
faces where Nae peel surface poise with the present rheometer. When 
nN; is high, however, an analysis of the initial part of the creep 
compliance curve (1) (dln J(t)/dln t) can be used to determine the 
extent of film viscoelasticity. Figure 1 shows the increasing vis- 
coelastic nature of the interface across the mid pH range. This 
maximum in film viscoelasticity agrees well with the observed maxi- 
mum in emulsion stability at this pH, and with the extent of rigid 
film formation (Figure 2) (1). 


It is interesting to note that in many of those cases where 
interfacial viscosity is low, high Ny; can frequently be generated 
by a compression of the interfacial film. Figure 3 shows one such 
effect for Iranian Heavy/distilled water interfaces. Increases of 
Ny over several orders of magnitude occur for relatively small area 
compressions. Even interfaces that exhibit low Ny and compressible 
relaxing interfacial films may show increases on compression. This 
again must have an effect on emulsion stability, particularly those 
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Fig. 1. Extent of film viscoelasticity as a function of aqueous 
pH. 
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involving small droplet size distributions (and hence large de- 
creases of surface area during coalescence/separation). The rate 
of thinning of the oil film between water drops will be greatly 
reduced. 


However, though interfacial shear viscosity (nq) can influence 
the kinetics of droplet coagulation, it is not possible to rely 
solely on this measurement to predict emulsion behavior. Specific 
effects can occur which affect monolayer compressibility and film 
elasticity and these are not registered by shear viscosity measure- 
ments. 
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Fig. 3. Effects of compression on interfacial film pressure and 
viscosity. 


PSEUDOSTATIC INTERFACIAL FILM COMPRESSIBILITY 


The rigid oil/water interfacial films formed by adsorption of 
crude oil surfactants have previously been investigated. Their 
importance in stabilizing emulsions has been suggested (8,9) but 
few precise measurements have been carried out. 


Hydrodynamic interaction between interfacial film and under- 
lying liquid means that drainage of oil from the layer between two 
approaching water drops creates a local expansion of the interface. 
The resulting surface tension gradient then creates a force which 
opposes the thinning (Marargoni effect). In addition the coales- 
cence of water droplets in a water/oil emulsion is accompanied by 
an initial increase in surface area as the drops form a connecting 
neck in a dumb bell configuration and a subsequent reduction in 
surface area and hence a compression of the crude oil/water inter- 
face as the drops coalesce. The relevance of film compression 
characteristics to emulsion stability is hence evident. 


We employed a Langmuir type oil/water interfacial film balance 
(10). The relative film pressure during compression and expansion 
of the oil/water interface was determined. This was measured using 
a hydrophobic Wilhelmy plate, which remained oil-wet even in the 
presence of added demulsifiers. During film compression, solvent 
molecules may be squeezed out of the film, surfactant molecules not 
tightly held in the interface may redissolve into the bulk phases 
and molecular rearrangements of the adsorbed species may occur. 

The behavior of interfacial films will depend on the rate of com- 
pression. Up to speeds of compression of 1.80 cm/min (initially 
16% area reduction/minute) no marked differences in film behavior 
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were observed. Hence, all compression expansion cycles were per- 
formed at this speed. The compressibility of crude/oil water 
interfacial films show varying characteristics. Figure 4 shows 
four types of film behavior observed. The film pressure (in mN 
m~) is plotted against the fractional reduction in interfacial 
area (Ay/Ao) - 


Incompressible non-relaxing films (curve I, Figure 4) give 
rise to the most stable emulsions, whereas compressible relaxing 
films (curve IV, Figure 4) give rise to the least stable ones. 
Increasing interface age leads to greater film incompressibility. 
In general, the greatest change occurs in the first three hours, 
although some films can change detectably for up to one day before 
final equilibrium is reached. These changes reflect the time 
dependency of surfactant adsorption to/and final rearrangements 
and association at interfaces. Changes in crude oil solvency due 
to loss of light ends will also affect film compressibility. 


Specific ion effects are important because formation water 
that can be associated with oil field emulsions may vary greatly 
with respect to salt content. The most pronounced effects observed, 
particularly with North Sea crudes, is the condensing effect of Catt 
on the interfacial film rendering these more incompressible, result- 
ing in more stable emulsions (1). 


In many instances emulsions are heated to assist resolution. 
The rate of droplet coagulation being increased by a reduction in 
the viscosity of the bulk oil phase. The effect of heat on the 
interfacial film characteristics has not been adequately studied. 
We have performed some tests at higher temperatures. For example, 
at 65°C many incompressible non-relaxing films start to relax, 
indicated by the fall in film pressure for films held at constant 
compressed area, which would still represent a kinetic barrier to 
coalescence. In many cases the rate of buildup of the resistance 
to film compression also increases with temperature. Hence, many 
emulsions need demulsifier treatment to overcome these rapidly 
developing kinetic barriers even at high temperatures. 


It has also been noted (1) that where interfacial film behavior 
exhibits a sensitivity to loss of light end components, subsequent - 
degassing (further stabilization of the crude by light end removal 
under Nj atmosphere) leads to significant changes in the interfa- 
cial film behavior at high temperature. Often the films generated 
by this process remain incompressible and non-relaxing even at high 
temperatures and then emulsion resolution is not achieved by heating 
in spite of the low bulk oil viscosity. 


In certain cases, e.g., with Magnus crude oil and formation 
water, the interfacial film at low temperature gives rise to a 


INTERFACIAL RHEOLOGICAL PROPERTIES 313 


I Incompressible - Nonrelaxing 
(Iranian Heavy/ Distilled Water) 

I Incompressible / Relaxing 
(Forties/ Distilled Water) 

I Incompressible/ Relaxing With 
Phase Transition 
(Kuwait / Distilled Water) 


VV Compressible - Relaxing 
(Magnus/ Formation Water) 


Fig. 4. Crude-oil/water interfacial compressibility characteristics. 


weak compressible film. By degassing the crude, a rigid incompres- 
sible non-relaxing film is formed and this remains temperature- 
insensitive. Hence, the film properties are to a considerable 
extent governed by the changes in the solvent properties of the 
degassed crude for the crude oil surfactants. The influence of 
chemical demulsifiers on crude oil/water interfaces and their role 
in destabilizing emulsions can be clarified by studying their 

effect on interfacial films in compressibility experiments described 
above. 


Using these techniques we have been able to distinguish be- 
tween two types of demulsifier action. Some chemical demulsifiers 
are able to displace aged interfacial films. We designated those 
as film displacing demulsifiers. With others when added to the 
crude oil prior to contacting with the aqueous phase, the additive 
significantly reduced the rate of buildup of the interfacial film, 
this we designated as film inhibiting behavior. 


It is easy to confirm this difference in behavior. Two stable 
Iranian Heavy/2.5% w/w sodium chloride solution emulsions (90% oil/ 
10% salt solution v/v) were prepared by high-shear homogenizing. 
These were left for several days, with further homogenizing, to 
allow rigid interfacial films to build up at the oil/water droplet 
interface. Demulsifier A* (shown to be film displacing and in- 
hibiting) or B* (only film inhibiting) were added, along with a 
further 5% v/v distilled water, with further homogenizing. De- 
mulsifier A, within one hour, resulted in a separation of 70% of 
the salt and 90% of the distilled water. Demulsifier B gave a 
separation of 5% of the original salt and 50% of distilled water 


* 
A 


B 


an ethoxylated phenol in an aromatic solvent. 
a carboxylic acid containing a small amount of alko- 
xylated ester also in an aromatic solvent. 
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within one hour. There was no separation, within one hour, in the 
absence of demulsifiers. The result with demulsifier B indicated 
that little coalescence between the added distilled and salt solu- 
tion occurred in the absence of the film-displacing demulsifier. 
Thus, the distilled water (e.g., wash water in practice) acts as 

a scavenger to increase collision frequencies between itself and 
the salt water droplets. This results in efficient separation in 
the presence of a film-displacing additive. The performance of a 
chemical demulsifier can be shown to be sensitive to crude oil 
type, aqueous phase, salt nature, pH and temperature (1). 


MULTISTAGE DROPLET COALESCENCE 


The formation of smaller secondary droplets by coalescence of 
the primary drop at an oil/water interface can be of great practical 
significance. These smaller drops are most difficult to remove 
from w/o or o/w emulsions. For oil and water drop settling rates 
are decreased as the droplet diameter is reduced. 


The coalescence times for oil and water drops at the crude 
oil/water interface using the three crudes Tia Juana Medium, Put 
River and Zakum are shown in Table 1. Multistage coalescence was 
observed for oil and water drops with Zakum at pH 11, in all the 
other cases multistage coalescence was not observed. The Zakum 
oil/water interface at pH 11 also exhibited the lowest (hardly 
measurable) interfacial viscosity of all the systems studied. 


Mason (11) explained the occurrence of multi and single stage 
coalescence on the basis of Raleigh perturbations. According to 
Raleigh, for an infinitely long cylindrical column of an incompres- 
sible liquid of radius R, surface disturbance of A greater than 
27™R will grow in amplitude and cause the column to break up. For 
a column of finite length, as in the draining of a drop, if the 
length exceeds the circumference, the column will start to break 
up. Once this has occurred a race develops between the necking 
down process and drainage of liquid in the drop; if the former 
wins, multistage coalescence will occur. The presence of surf- 
actant in sufficient amount will not only stop the growth of the 
instabilities damping interfacial waves, but will also stabilize 
the column itself so that the drop can drain completely. 


The results obtained to date show that multistage coalescence 
with crude oils will occur only when the interfacial stability is 
decreased to a marked extent. Extremely fluid interfacial films 
with low N; only occur at high pH values in the absence of addi- 
tives. The addition of demulsifiers results in a fluid interface 
which could give rise to multistage coalescence and hence pose 
additional problems with respect to emulsion resolution. The dila- 
tational modulus technique (see below) will be applicable to the 
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Table 1. Drop Lifetimes of Water and Oil Drops at Various 
Crude Oil/Water Interfaces for Aqueous Phase pHs 
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study of this problem. The effect of demulsifier on interfacial 
instabilities at different frequencies can be determined. 


INTERFACIAL DILATATIONAL PROPERTIES 


The components of the surface stress tensor depend upon the 
extent and the rate of surface deformation, in a relationship in- 
volving the resistance of the surface to both changes in area and 
shape. Either of these two types of resistance can be expressed 
in a modulus which combines an elastic with a viscous term. This 
leaves us with four formal rheological coefficients which suffice 
for a description of the surface stress. Two of these, viz., the 
surface dilatational elasticity, Eq and viscosity, Nq> measure 
the surface resistance to changes in area, the other two, viz., the 
surface shear elasticity, Es: and viscosity, describe the 


s? 
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resistance of the surface to changes in the shape of a surface 
element. 


Since it is commonly (5) held that the occurrence and magni- 
tude of surface tension gradients (Marangoni effects), whether due 
to spatial variations in temperature or concentration or compres-— 
sion/expansion of the interface, are important to many colloid 
problems, some consideration has been given to methods of deter- 
mining the dilatational rheological parameters. 


A longitudinal wave propagation approach has been adopted in 
view of the problems of applying capillary wave techniques to 
liquid/liquid interfaces. These arise from two quarters. Firstly 
the variation of damping coefficient with elastic modulus can be 
shown (12) to be negligible at sufficiently high and low elastic 
moduli. 


Secondly for capillary (transverse) wave propagation, when 
the liquid viscosities and densities become equal, there is no net 
tangential motion of the interface and here the elastic modulus 
plays no role in the motion of transverse waves. Since many or- 
ganic liquid/water pairs have characteristics not far from this 
condition, it places a severe restriction on applicability to 
liquid/liquid systems. Since the longitudinal wave is accompanied 
by a horizontal rather than a vertical interfacial motion, such 
waves are often associated with liquid flows of a highly dissipa- 
tive character causing rapid damping. It is necessary therefore 
to determine conditions where this effect is minimized. This 
effectively requires operating under conditions where the wave- 
length of the propagated wave is long compared with the interfacial 
length under observation. A theoretical examination of the propa- 
gation of longitudinal waves leads to a representation of the wave 
characteristics [that is wavelength (A) and damping coefficient 
(8)] in terms of the dilatational properties of the liquid/liquid 
interface (13). 


Thus it can be shown that: 


3 ce 3 Lb 
2 [or pong)* + @ Pn) is Alte be 
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where 8 (cm!) = the damping coefficient 


d (em) = wavelength 
w (CH, ) = angular frequency 
No Ty = liquid bulk viscosities 
Po »Py = liquid densities 
= phase angle (between y and surface area variation) 
|e| = dilatational modulus 


The dilatational elasticity (€4/mN m-l) and the dilatational 
viscosity (Ng /mN s m1) can be related to |e| and 0 by 


Eq = Je| Cosme” (3) 
€| sin 8 
Na 3 W ~ 


A given amplitude and frequency wave is propagated by sinus- 
oidal oscillation of one barrier of the film balance. Details of 
the dilatational modulus apparatus can be found elsewhere (9). If 
we arrange for every small element of area to be subjected to the 
same change, then measurement of the variation of interfacial 
tension can be made anywhere along the interfacial length to deter- 
mine the dilatational properties. To do this, use is made of the 
cooperative effect of multiple reflections with the outgoing wave. 
This can be achieved provided the interfacial length used is small 
compared with the wavelength (13). 


The procedure adopted is to estimate values of wave frequency 
(w) and interfacial lengths (L) such that the wavelength (A) of the 
longitudinal wave is long compared to L. Since A depends upon the 
dilatational properties this requires an iterative procedure. That 
is, estimate a suitable L and check for uniformity of |_| and 0 
along the interfacial length. If this is uniform then the dilata- 
tional properties may be calculated. If not, alter either wW or L 
(or both) and repeat the process until uniformity is obtained. 
From the measured le | and 8 we may determine by equations (3) and 
(4) the dilatational properties of the interface. 


The amplitude and frequency of barrier oscillation and hence 
wave propagation are variable. Frequencies between 0.005 - 1 Hz 
can be obtained; and amplitudes up to + 0.5 cm can be used. The 
other barrier can be smoothly adjusted to alter the extent of the 
interfacial area, as in a conventional Langmuir type film balance. 
The change of interfacial tension produced by the area variation 
is monitored continuously. Use is made of Wilhelmy plate suspended 
from one arm of a microforce balance (Beckman microforce balance). 
The output of this feeds one arm of an X-Y recorder. A position 
transducer monitors the movement of the oscillating barrier and 
this feeds the Y axis of ‘the recorder. Lissajou figures are there- 
fore produced on the X-Y recorder. Here 0 is defined as being 
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negative when the change in surface pressure follows the change in 
area and positive when the surface pressure precedes the change in 
area. When conditions have been set to achieve uniform measurement 
of |e| down the interfacial length, if 9 is also uniform then the 
whole film is relaxing by a single uniform cooperative process. 
When 9 varies along the interfacial length, a check must be made 

by further reducing the interface length to see whether the problem 
is one of viscous damping, i.e., the.trough length is too long with 
respect to X. 


RESULTS OF PRELIMINARY DILATATIONAL MODULUS MEASUREMENTS 


Iranian Heavy crude oil/distilled water interfaces were aged 
for set intervals on the dilatational modulus apparatus. The in- 
terfacial length was initially set as 13.5 cm and amplitudes of 
area oscillation of + 0.5 cm were used. The Wilhelmy plate (plati- 
num, hydrophobic) was always aligned parallel to the oscillating 
barrier. The X-Y recorder was used to produce Lissajou figures of 
interfacial tension-interfacial oe peace ne The Wilhelmy 
plate was located at points = , =~ , =— and = along the interface 
length (L). At each location, Lissajou figures were produced over 
a range of wave frequencies. From these the modulus |e | and phase 
angle 9 were determined. Table 2 summarizes the dilatational elas- 
ticity and viscosity results calculated from these. It can be seen 
that for the oldest interface (3 h) (most cohesive film with highest 
dilatational elasticity) using the longer trough length that the 
conditions sought (interface length << wavelength of longitudinal 
wave) was not met because variation of Ng down the length of the 
trough was observed. For this interface uniform behavior could 
only be obtained by reducing the interfacial length (and its ampli- 
tude). For the shortest aged interface (% hour), although data is 
not given, there was a slight increase of €, measured along the 
interface length. This reflects the fact that the €q increase with 
film age was comparable with the time scale taken to make the 
measurements along the trough length. Figure 5 shows the change of 
€q (the dilatational elasticity) with film age, and Figure 6 shows 
Nq (the dilatational viscosity) against interface age (full curve). 
For the dilatational viscosity the dotted line shows the result at 
3 hours, obtained where viscous damping was evident. In an attempt 
to minimize the damping effect, the 1, values were obtained by 
extrapolating back to the oscillating barrier. Clearly such a 
procedure leads to large errors. 


Figures 7 and 8 show the dilatational elasticity and viscosity 
over the limited frequency range so far studied. 


Table 3 gives the dilatational properties of 10 ppm of Bovine 
serum albumin (Sigma Chemical Company) in 0.1 M NaCl solution/ 
toluene oil phase made for comparative purposes. In order to 
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Fig. 5. Dilatational elasticity vs. age of interface for Iranian 
Heavy/distilled water interface. 


prevent contact angle problems that were experienced with this 
system a fresh hydrophobic glass Wilhelmy plate was used for mea- 
surements at each location. 


The values of the dilatational properties will clearly depend 
upon the molecular relaxation processes that occur during the time- 
scale of film compression/expansion. The relaxation processes 
occurring will have their own characteristic rates and it is pos- 
sible to recognize, if not identify, the different relaxation rates 
involved. 


Molecular relaxation processes envisaged to occur within an 
interfacial film are not clearly understood but they are likely to 
include the following: 


ale Increased packing (surface diffusion) of relatively low 
molecular weight species. 


Die Molecular conformational changes of high molecular weight, 
irreversibly adsorbed, species. 
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Fig. 6. Dilatational viscosity vs. age of interface for Iranian 
Heavy/distilled water. 


se Desorption (and readsorption) of low molecular weight revers- 
ibly adsorbed molecules during compression/expansion. This 
will also include solvent losses from molecular films. 


The rates of these relaxation processes (characteristic relax- 
ation times) are not well known for liquid/liquid systems. This is 
especially true with monolayers where the interfacial concentra- 
tions and molecular adhesion/cohesion forces within the monolayer 
are high. Experimental evidence for relaxation processes (rates) 
can be derived from a study of the dilatational properties of ad-_ 
sorbed film as a function of frequency of the propagated longitu- 
dinal wave. Where bulk-to-interface interchange occurs during the 
compression/expansion of the film, the interfacial tension gradient 
is essentially "short-circuited". Lower 'apparent' values of in- 
terfacial compressional moduli are observed. There is a phase 
difference between the imposed strain (change in area) and the 
resultant stress (change in interfacial tension). 


Alternatively, with an irreversibly adsorbed monolayer during 
quick expansions or compressions the value of the interfacial ten- 
sion may be significantly different from the same surface at rest 
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Fig. 7. The dilatational elasticity crude oil/water interface as 
a function of wave frequency (and interface age). 
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Fig. 8. The dilatational viscosity of an Iranian Heavy/distilled 
water interface as a function of frequency (and age). 
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with the same interfacial coverage. This arises as a consequence 
of molecular reorientational (conformational) changes of irrevers— 
ibly adsorbed species. 


In the case of bulk-to-interface interchange, the effect should 
be less marked as the frequency of oscillation increases. In the 
second case (conformational changes), the effect will increase with 
increase of frequency. The relaxation times of the two processes 
should be very different. Slow reorientations are generally only 
observed for long chain, practically insoluble (irreversibly ad- 
sorbed) components. These are not subject to diffusional inter- 
change. Conversely diffusion will be more important the greater 
the solubility and the shorter the chain length. 


For the Iranian heavy crude oil/distilled water interface it 
seems that the dilatational elasticity, €4, is not particularly 
high (compared with subsequent BSA values) or when compared with 
very cohesive insoluble interfacial films at the liquid/air inter- 
face. However, there is a measurable phase angle (9) and hence 
dilatational viscosity and this confirms that relaxation processes 
will play an important part in the behavior of the crude oil/water 
interface. 


The dilatational viscosity seems high; however again there is 
little with which to compare it. The dilatational elasticity of 
the interfacial film increases with film age, particularly at the 
longer interfacial contact times (i.e., 2-3 hours). This behavior 
is as would be expected from previous knowledge on the pseudostatic 
elasticity of these interfacial films (1). 


There seems to be little change (within experimental accuracy) 
in the dilatational viscosity of the interfacial film over the 
period of time investigated (Figure 6). This strongly suggests 
that the nature and extent of the film relaxation process is hardly 
affected as a function of time. The fall of Ng with frequency is 
indicative that the relaxation process involves predominantly bulk- 
to-interface diffusion interchange; with low molecular weight surf- 
actant species adsorbing/desorbing during the timescale of the 
compression/expansion cycle. The changing dilatational elasticity 
with time (Figure 7) probably reflects the increase in the propor- 
tion of the high molecular weight species with time (i.e., increas= 
ing surface concentration). 


Adsorbed monolayers of BSA at the liquid/liquid interface give 
rise to a phase difference, at certain frequencies, between the 
sinusoidal area oscillation and the interfacial tension variation. 
This contrasts sharply with the behavior at the liquid/air inter- 
face, where a previous investigation found no phase angle (14) for 
both spread and adsorbed films. Thus, relaxation processes can be 
shown to be important at the liquid/liquid interface for adsorbed 
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BSA films. The film relaxation processes are however complex. 


It is not possible to directly compare the moduli values 
resulting from our investigation with those found at the liquid/air 
interface (14). This is because of viscous damping effects observed 
at the liquid/air interface; the |e| values being sensitive to the 
location along the interface length. As has been shown for a crude 
oil/water interface, large errors result (especially in Nq) when 
back extrapolating the behavior to the oscillating barrier. Indeed 
as has been pointed out elsewhere (15) close to the oscillating 
barrier, the surface film is moved a large distance compared to the 
size of the adsorbed molecules and in so doing introduces other 
problems (i.e., shearing between the film/subphase and the film/ 
trough wall). The dilatational moduli (liquid/air) obtained by 
this back extrapolation technique for BSA at the liquid/air inter- 
face are in the order of 150 mN m~ for the nearest comparable 
bulk phase concentration. It has been shown by Lucassen et al. 
(13) that for the liquid/air interface, measurements made at an 
interfacial length x = 0.423 L (the interface length) should give 
the correct dilatational properties. At this point the local and 
uniform area displacements should be equal. Where this was done 
for BSA at the liquid/air interface (14) values of €q of around 
45 mN mt (compare with 46-53 mN m-! for BSA at the liquid/liquid 
interface) were obtained at the comparable bulk phase concentration. 


From the dilatational behavior observed for BSA, this globular 
protein seemingly gives rise to highly cohesive interfacial films 
at the liquid/liquid interface. In marked contrast to the behavior 
at the liquid/air interface adsorbed BSA interfacial films at the 
liquid/liquid interface show relaxation processes within the time- 
scale at the compression/expansion cycles. At the lowest frequen- 
cies these seem to arise from bulk-to-interface diffusional inter- 
change whilst at the higher frequencies there may be some evidence 
of conformational changes occurring (i.e., amino acid train-to-loop 
configurational changes). 
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POROUS MEDIA RHEOLOGY OF EMULSIONS IN TERTIARY OIL RECOVERY 
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Emulsions containing 5 wt % TRS 10-410, 3 wt Z% isobutanol, 
sodium chloride (X %), water and equal volume of dodecane oil were 
prepared by sonication and by hand-shaking. The coalescence behav- 
ior of emulsions was studied for hand-shaken as well as sonicated 
systems. In general, sonicated emulsions required a longer time 
for phase separation as compared to hand-shaken systems. It was 
observed that for both the cases, the coalescence rate at room 
temperature (25°C) was maximum at the optimal salinity (1.5% NaCl) 
while interfacial tension was minimum at this salinity. 


For the flow of emulsions through a sand pack at room tempera- 
ture (25°C) the emulsions at most of the salinities studied exhibited 
a non-Newtonian behavior. However, at and near the optimal salinity 
the flow behavior was Newtonian. Moreover, tne ayparent viscosity 
of the emulsions in the porous media was minimum at the optimal 
salinity, hence it is proposed that ultra low interfacial tension 
causes minimum resistance to fluid flow and thus aids in the process 
of maximum oil recovery obtained at this optimal salinity. 


Porous media studies of sonicated emulsions in a EM-Gel packed 
bed at 35°C formed with different aqueous to oil phase ratios for 
different salt concentrations indicate that pressure drop across 
the bed increases with an increase in the amount of the dispersed 
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phase. Thus, for water-external macroemulsions the pressure drop 

increases with an increase in the amount of oil, while for oil-ex- 
ternal macroemulsions pressure drop increases with an increase in 

the amount of water. 


Sonicated emulsion results at 35°C as a function of phase 
ratio and salt concentration further show that the behavior of 
these emulsions in the porous media is different from those at 
25°C. Even three phase systems give relatively more stable emul- 
sions and possess non-Newtonian behavior. liysteresis effect shown 
by some emulsions in porous media experiments is highlighted. The 
nature of emulsions produced by sonication and by the shearing of 
liquids in the porous media is contrasted. Extensive physical 
property data for these emulsions are also given. The applicabil- 
ity of Darcy's law for the present situation is discussed. 


The results of our earlier investigation using spin-labelling 
technique to understand the structural aspects involved in the 
various emulsions, support the theory that water-external macro- 
emulsions exist below optimal salinities and oil-external types 
exist beyond optimal salinity. In addition it was found that 
microemulsions coexisted with macroemulsions and were of the same 
type in the sonicated emulsions. These findings are further com- 
plemented by electrical conductance and bulk viscosity data. 


INTRODUCTION 


In tertiary oil recovery process, similar to primary and sec- 
ondary recovery processes, one encounters problems associated with 
‘the formation of emulsions. Evidently such emulsions may either 
impede or accelerate the recovery depending on their physico- 
chemical characteristics under given conditions. For example, if 
the formation of emulsion is considered adverse in operating the 
recovery scheme then selective methods of demulsification should 
be invoked. 


A review of the literature shows very little mentioning of 
flow of emulsions through porous media. Some interesting observa- 
tions favoring the presence of macroemulsion in the oil recovery 
process have been reported by McAuliffe (1). The ease with which 
emulsions flow at high pressure gradients was proposed by McAuliffe 
to be an advantage in the field applications because in a radial 
flow system the highest pressure decrease per unit distance occurs 
near the well-bore. 


The unfavorable aspect of having an emulsion arises outside 
the reservoir conditions. Although it is well known that macro- 
emulsions are thermodynamically unstable, the presence of multiple 
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surfactants in the flood can effectively prolong the emulsion 
Stability to time periods of the order of weeks or months. The 
formation of such relatively stable emulsions has been identified 
by Boneau and Clampitt (2). 


Lissant (3) in a recent review indicated that the occurrence 
of emulsion is a natural and all pervasive phenomenon in petroleum 
production and emulsions are to be avoided if possible. He further 
reported that a considerable amount of literature on the develop- 
ment of techniques for resolving emulsions can be found and that 
this technology should be taken into consideration when emulsifica- 
tion is deliberately employed to achieve additional oil recovery. 


It appears from these investigations that we have two opposing 
effects in having macroemulsions in the oil recovery process--one 
a possibly favorable situation in the reservoir and the other an 
adverse effect off-the reservoir. The obvious questions to be 
posed are: (1) Can a compromise for having the emulsion considering 
the two effects in térms of its efficiency, be reached? (2) Fora 
given surfactant formulation and conditions, how would one go about 
assessing emulsion formation and separation? (3) What is the in- 
fluence of oil-external, water-external and middle phase microemul- 
sions on the formation of macroemulsions and emulsion phase separa- 
tion? (4) With an impure surfactant system such as TRS 10-410, can 
we characterize the macroemulsion containing oil, cosolvent and 
brine? (5) If a relatively stable macroemulsion is produced can 
one fundamentally investigate its flow behavior in a porous system 
with respect to pressure drop, permeability, shear degradation, 
droplet population, etc.? 


With all these factors in mind, we have attempted to carry 
out the emulsions aspect of the investigations at the University 
of Florida Improved Oil Recovery Research Program (4,5). The 
emulsion systems contain TRS 10-410, isobutanol, sodium chloride, 
dodecane and water. Extensive physical property data and micro- 
structural studies of the aqueous surfactant formulations have 
been already reported by Vijayan et al. (6). Also, the structural 
aspects of the emulsions containing the same species with aqueous 
to oil ratio of 1:1 as well as various physical property data as 
a function of salt concentration have been reported by Vijayan 
et al. (7). A detailed study of the middle phases formed by the 
same surfactant formulation with dodecane oil with respect to 
microstructural changes and microemulsion (swollen micelle) phase 
inversion has been reported by Ramachandran et al. (8). 


With this background knowledge of the behavior of the aqueous 
surfactant formulations and 1:1, aqueous : oil emulsions and, 
middle phases as a function of sodium chloride content, the objec- 
tives of the present investigation are: 
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(1) to experimentally measure the physical properties of 
relatively stable emulsions of a specific surfactant formula- 
tion consisting of TRS 10-410 + isobutanol (5:3% W/W), sodium 
chloride (X%) + water and dodecane oil (Y%). 


(2) to investigate the flow behavior of these emulsions in 
an unconsolidated sand pack and in an unconsolidated porous 
bed containing EM-Gel packing. 


(3) to obtain the phase separation characteristics of various 
sonicated and hand-shaken emulsions by batch settling tests, 
and 


(4) to correlate physical property data and structural state 
of emulsions with phase separation data, pressure drop results, 
shear rate effects and permeability factors. 


The concentration of brine and aqueous to oil ratio are the 
variable parameters considered throughout the investigation. 


EXPERIMENTAL 


Chemicals: ‘The surfactant formulation consisted of fixed 
amounts of the surfactant TRS 10-410, a petroleum sulfonate (5 wt 4%) 
and isobutanol (3 wt %) in brine solutions of different sodium 
chloride concentrations up to 8.0 wt %. The oil used was dodecane. 
Double distilled water with conductivity less than 2 uS/cm was used 
throughout the experiments. Dodecane oil was of technical grade 
(95 mole %) supplied by Phillips Petroleum Company (Lot N-919). 


The petroleum sulfonate TRS 10-410 (~ 60% active) was obtained 
from Witco Chemical Company. Isobutanol (IBA) and sodium chloride 
were of high purity grade (> 99%) from Chemical Sample Company and 
Fisner Scientific, respectively. 


Porous media: The following two porous media were employed 
in the present study. (1) A sand packed bed (400 mesh), (0.25 inch 
diameter and 2 inches long) with column made of stainless steel, 
and (2) a second porous media system with column made of stainless 
steel (0.25 inch diameter and 6 inches long and EM-Gel SI 2500A 
packing material with particle size 0.063-0.125 mm). Mean pore 
diameter measured with a mercury porosimeter gave a value of 2800A. 
The material was obtained from Merck, Cat. No. 9364, batch no. 
YOR, QU SIAN OS 


Packing mode: dry packing 
Porous media state: Unconsolidated porous bed 
Porous media (1) was exclusively used for emulsions containing 


equal volumetric amounts of oil and aqueous phases and salt levels 
EIGN 10) 1E@) MoO) wie Ac 
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Preparation of solutions: Aqueous solutions were prepared by 
dissolving 5% (W/W) of TRS 10-410 and 3% (W/W) isobutanol together 


with constant stirring. Desired concentration of sodium chloride 
in water was prepared separately and then known amounts of the 
surfactant mixture and the brine solution were mixed volumetrically. 
It should be noted that while the concentrations of surfactant and 
alcohol are expressed in percent weight based on total weight of 
aqueous phase, the concentration of sodium chloride is based on the 
total weight minus the weight of surfactant and alcohol. 


Experimental set-up and procedure: Macroemulsions were pro- 


duced by constant sonication for a period of about forty-five 
minutes in a thermostated bath at desired temperatures. Kinematic 
viscosity and specific conductance data of emulsions were obtained 
using standard Cannon-Fenske viscometer and conductivity meter, 
respectively. Bulk density and Screen factors of emulsions and 
equilibrated phases were determined by standard specific gravity 
bottles and screen viscometer, respectively. The interfacial ten- 
sion values of oil/aqueous systems were measured by spinning drop 
technique. The details of measurement procedures are described 
elsewhere (4,5). 


Porous media experiments: Flow experiments in sand-packed 
beds were carried out using 1:1, aqueous : oil emulsions at 25°C 


for salt concentrations of 0 to 8 wt %. Porous media experiments 
in EM-Gel-packed columns were done at 35°C for emulsions produced 
Dyeseveralmaquecousmtonodds satdos (Gel. 2c lel lis Se deer4)pand™ dart — 
ferent salt concentrations varying from 1 to 3.5 wt %. 


Procedure: Appropriate aqueous-oil systems were taken in glass 
bottles with a capacity of 150 ml and were placed in a thermostated 
bath. (The experimental set-up is shown in Figure 1.) Sonication 
was effected by an ultrasonic vibrator. Simultaneously, constant 
stirring was maintained by a magnetic stirrer system. The emulsion 
thus formed, was pumped from the bottle by a Constametric 1 HPLC 
Pump (Milton Roy Co., Serial No. 7804-03). The flow rate was ac- 
curately controlled by an in-built potentiometer setting. The 
pressure drop (against atmosphere) was measured using three pres-— 
sure transducers (for higher accuracy in measurement) depending on 
the range of their calibration. Calibrations of 0-50 psi range, 
0-100 psi range and 0-500 psi range were used. For a given emul- 
sion, pressure drop was measured as a function of flow rate and the 
emulsion was recycled continuously. 


During the experiment, five different columns were used so 
that the pressure drop of water, which was used as a standard for 
judging the condition of the regenerated bed, remained within 
reasonable limits of the pressure drop obtained for fresh beds. 
The procedure to fill the columns with the porous material was 
followed consistently. 
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It is obvious that the bed characteristics alter slightly once 
an emulsion is pumped through the bed. Regeneration was attempted 
by flushing the bed thoroughly with acetone and distilled water. 

In order to account for the variations in the bed behavior, if any, 
the following procedure was used: 


Pressure drop of water (AP) was measured and plotted as a 
function of flow rate for the regenerated bed. Then the pressure 
drop of the emulsion (APE) was measured; and the values at the 
particular flow rate were normalized by dividing them by the AP 
values, obtained from the experimental plot and at the correspond- 
ing flow rate (i.e. the ratio AP / Ping was thus obtained.) A 
generalized pressure drop (APyc) curve for water obtained by taking 
an average of about 30 calibrations was used to multiply the above 
mentioned ratio. This gave the ages pressure drop of the 


emulsion (APE); thatss AP, M) (AP 


Bilin wo) 


Figure 2 is used as the generalized curve of the pressure drop 
of water (APyig) in the 6 inch long porous bed. Figure 3 illustrates 
typical pressure drop versus flow rate curves for water flowing 
through a 2 inch long sand-packed column after passage of various 
emulsions. 


Our contention is that by using the above method, any perme- 
ability changes taking place due to the flow of the emulsions, can 
be accounted and therefore a meaningful comparison of the pressure 
drop results of different systems can be achieved. 


Batch Settling Experiments for Hand-Shaken and Sonicated Emulsions 
for Oil to Aqueous Phase Volume Ratios of 1:1 and 2:1 


Appropriate volumes of the aqueous formulation and dodecane 
oil were taken in 50 ml mixing cylinders. For hand-shaken experi- 
ments, the cylinders were hand-shaken for one minute and then the 
time required for complete separation was followed by noting the 
volume change of separated phase with time. Similar experiments 
were also carried out using sonicated emulsions at constant sonic 
power input of 30 watts for a period of 5 minutes. 


The objective in these experiments was to collect separation- 
rate data for the various emulsions as a function of sodium chlo- 
ride concentration. As the time taken for complete separation of 
sonicated emulsions containing low (less than 1 wt %) and high 
(greater than 2%) salt concentrations was in the order of days, we 
restricted our measurements to time taken for 50% phase separation. 


Reproducibility check was made by using different batches of 
the same formulation. It was estimated that the data are repro- 
ducible within + 5%. It should be emphasized that our primary aim 
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Fig. 2. Generalized curve for the pressure drop of water with 
flow rate. 


was not to obtain aecurate phase separation data, but to understand 
the relative ease with which the emulsions separate for several 
salt concentrations. Phase separation experiments were all carried 
out at room temperature (23 + 1°C). 


RESULTS AND DISCUSSION 
1. Physical Properties 


Density, viscosity and interfacial tension data of the equili- 
brated phases corresponding to an aqueous to oil ratio of 1:1 are 
presented in Table 1. Table 2 is the summary of the number of 
equilibrium phases present at 35°C for different aqueous to oil 
ratios and sodium chloride concentrations. It should be noted that 
the 1:1 system having 2% NaCl at 35°C represents a three phase 
system. However, at 25°C the same system gave only two phases. 
Upon prolonged storage (of the order of weeks) at 25°C, this system 
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Physical property data at 30°C and property group con- 
trolling phase separation for conditions of negligible 
double layer (repulsive) and van der Waal (attractive) 
forces 


Poil 
(g/ml) 


Aqueous 


U 
(ep) 


Be @stal 


Gn 


ae 


oa 
(dyne/cm) 


0.422 
0.105 
0.0178 
0.0056 
0.00087 
0.00977 


0.083 


aM: 60 
S¥7/ 336 
0.058 0.109 
0.002 | 0.011 
0.00028} 0.0002 
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* 
These systems have three equilibrium phases 


1) 


2) 


For systems showing three phases (Ap) refers to maximum 
density difference in system. 
Interfacial tension values refer to the lowest value in 
the three phase system. 
middle phase/oil interface. 


Here it is the value at the 
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Table 2. Equilibrium number of phases at 35°C for different aqueous 
to oil ratios and sodium chloride concentrations 


# 
Numbers 2 and 3 indicate that the system has two and three 
equilibrium phases, respectively. 
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Fig. 3. Pressure drop vs. flow rate curves for water flowing 
through sand-packed column (1/4" diameter & 2" inch long) 
under various column conditions. 


gradually produced three phases. Electrical conductivity and kine- 
matic viscosity data of the 1:1 emulsions as a function of sodium 
chloride concentration are given in Figure 4. Extensive data of 
bulk density, absolute viscosity and electrical conductivity of the 
emulsions for various aqueous to oil ratios and sodium chloride 
concentrations are presented in Tables 3, 4 and 5, respectively. 


a) Temperature effects: Figure 4 shows that electrical con- 
ductivity values of 1:1 emulsions are about 2000 uS/cm lower than 
those reported in Table 5 at low salinities (< 1.6 wt %) and simi- 
larly lower by about 400 uS/cm at 2% NaCl. Allowing for experi- 
mental errors, the differences in these two sets of data arise 
because of the 10°C difference in the temperature of measurements. 
Temperature effects can be further illustrated by considering the 
optimal salinity concentration, ease of formation of emulsion and 
equilibrium number of phases. Recent phase equilibria studies (8) 
have indicated that even 3.5% NaCl system with aqueous to oil ratio 
1:1, separates out into three phases at room temperature. (Note 
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Table 3. Bulk density in g/ml of the sonicated emulsions at 35°C 
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Table 4. Absolute viscosity (cp) of sonicated emulsions at 35°C 
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Table 5. *Specific electrical conductivity (uS/cm) of the soni- 
cated macroemulsions at 35°C 


For values greater than 5000 uS/cm error is about 10%. 
For values less than 1000 uS/cm error is considerably 
greater. However, the order of magnitudes are highly re- 
producible in both cases. 
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Fig. 4. Variation of kinematic viscosity and specific conductance 


of sonicated emulsions (aqueous : oil = 1:1) with NaCl 
concentration. 


that till now it was believed that the 1:1 system separates into 

two phases at room temperature (25°C) for NaCl concentration 

greater than 1.9% at room temperature upon prolonged standing for 
periods of the order of three to four weeks.) However, in recent 
experiments we have found that the time necessary for the formation 
of three phases in these systems can be accelerated from ‘weeks’ 

to "hours' by increasing the temperature from 25 to 45°C. Once a 
three-phase was formed, lowering the temperature back to 25°C did 
not alter the number of phases. When making sonicated emulsion at 
1.5% NaCl with aqueous:oil, 1:1 we found that relatively stable 
emulsions could be produced at 35°C by prolonged sonication (about 
one hour). However, sonication of the system at 25°C did not give 
any emulsion at all. Evidently this experiment reveals the tempera- 
ture sensitivity of the emulsions. In the later discussions of 
pressure drop results of emulsions at 25°C and 35°C, we will fur- 
ther elaborate the temperature effects. In the context of reservoir 
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temperature conditions where one would expect temperature varia- 
tions up to 60-70°C, it can be expected that the problems associated 
with the formation of emulsions are unavoidable. 


b) Effect of phase ratio and addition of Salim einteEpEreta 


tion of electrical conductivity and viscosity results (Figure 4) 
reported in Reference (7) together with microstructural studies 
using spin-labels for 1:1 emulsions at 25°C seem to favor the co- 
existence of water-external microemulsions (swollen micelles) and 
macroemulsions (0/W type) below the optimal salinity (~ 1.5% NaCl). 
However, above the optimal salinity, the results favor the co- 
existence of oil-external microemulsions and W/O type macroemul- 
sions. Viscosity and conductivity results at 35°C given in Tables 
4 and 5 as a function of aqueous to oil phase ratio and salt con- 
centration show two distinct behavior with a transition occurring 
around 2 wt % NaCl. At and below 2 wt Z, viscosity increases as 
aqueous to oil ratio decreases. Above this concentration, viscos- 
ity decreases drastically up to aqueous : oil ratio of 1:1 and 
thereafter decreases gradually. Emulsions containing 1% NaCl show 
an opposite trend, that is, viscosity gradually increases up to 
aqueous : oil ratio of 2:1 and suddenly increases thereafter. If 
we consider the viscosity variation as a function of salt concen- 
tration it appears that viscosity values of emulsions with aqueous 
to oil ratios of 1:4, 1:2 and 1:1 decreased with increase in salt 
concentration up to 1.6 wt %, gradually increases up to 2 wt % and 
decreases thereafter. As opposed to this, viscosity values of 2:1 
and 4:1 emulsions increase gradually up to about 1.5 wt % NaCl and 
after passing through a local optimum at around 1.5 wt % NaCl, in- 
crease abruptly for further increase in salt concentrations. 
Electrical conductivity results of emulsions as a function of 
sodium chloride concentration (Table 5) at 35°C follow essentially 
the pattern shown in Figure 4 for 1:1 emulsions at 25°C. The only 
difference is that the salinity at which a maximum in the con- 
ductivity occurs is shifted from 1.2% (Figure 4) to 1.6% NaCl in 
Table 5 for all phase ratios. In terms of the variation of con- 
ductivity with decrease in aqueous to oil ratio, it can be readily 
seen that up to 1.6% NaCl and above 2%, conductivity values abruptly 
decrease when aqueous to oil ratio is decreased. A transition ap- 
pears to exist in the 1.8 - 2.0% NaCl region. Regarding the state 
of emulsion with respect to the effect of addition of salt it is 
evident that up to 1.6% NaCl the emulsions are of water-in-oil type 
for all phase ratios studied. Above 2% NaCl, a decrease in con- 
ductivity results show the presence of oil-in-water type emulsions 
for all phase ratios. The state of emulsion in the transition 
region (2.0% > [NaCl] > 1.6%) is not clearly understood presently. 


Although the presence of higher volume percent of aqueous 
phase is expected to produce oil-in-water emulsions, such a con- 
clusion is not obvious in the present situation because of the 
interfering effect of sodium chloride. The viscosity and electrical 
conductance behavior of 4:1 (aqueous:oil) and 2:1 emulsions present 
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some interesting problems: The magnitude and the relative increase 
in the viscosity values with the addition of sodium chloride tend 

to favor the existence of oil-in-water emulsions. However, the 
conductivity values do not seem to support this deduction. With 
this uncertainty, in the absence of other relevant data, it can be 
speculated that the abrupt increase in the viscosity values could 

at best be the result of a drastic reduction in the emulsion droplet 
size. rid 


Ax Deion Settling Tests 


a) Hand-shaken emulsions of 1:1 aqueous:oil system at 25°C: 
Typical batch settling curves for the emulsions at 25°C as a func- 


tion of concentration, are shown in Figure 5. Four major differ- 
ences in the emulsion behavior with respect to salt concentration 
were observed. There were two types of emulsions where the first 
phase boundary leading to phase separation was formed after a cer- 
tain time. We have designated this time as the "initial time taken 


for the formation of an observable phase boundary" (ITFOPB). The 


four types are: 


I. Gradual phase separation with time with ITFOPB of the 
order of 5 to 15 minutes. 


II. Gradual phase separation with ITFOPB of the order of 1 
ie@ 3) Javereness 


III. Gradual phase separation leading to "creaming" of emulsion. 
IV. Rapid phase separation. 


Sodium chloride concentrations in the emulsions falling under 
the above types are: 


Type IL. [Nac] = 122% [TrFoOrB) = 10°min=s|4 
% [ITFOPB = 5 min.], 3.5% [ITFOPB = 15 min.], 


6a EEE OR Bem >and nenie 
Type Il. [NaCl] = 1% [ITFOPB = 3 hrs.], 
37a SELLE OR Be la hiseall. 


Type Til. {(Nac1] 0 and 0.5% 


Type IV. [NaCl] = 1.52 


With Type I emulsions, the volume versus time curves (Figure 
5) are S-shaped. In the case of Type III emulsions it should be 
emphasized that although the time taken for 50% phase separation 
is lower than that of the emulsion containing 1% NaCl, in fact, 
"creaming" of these emulsions takes place approximately after 50% 
phase separation. As observed in the systems without isobutanol 
(see ref. 4), "creaming" gives rise to a "denser white texture" 
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near the phase boundary and also gives a greater stability to the 
emulsion in the batch settling test. Taking this effect into con- 
sideration the total time taken for complete phase separation of 
these emulsions would be very large. 


Characteristic Phase Separation Behavior of Emulsions at 
Optimal Salinity 


Td 


Type IV system yields three phases after complete phase sepa- 
ration. That is, when the emulsion is being separated, movement 
of two boundaries can be observed. The results are shown in Figure 
6. It is evident from the figure that both the boundaries move at 
almost identical rates. 


Recalling the observation (Table 1) concerning the occurrence 
of low and almost the same interfacial tension values between the 
middle phase/oil and the middle phase/aqueous phase systems, we 
were interested in the study of the phase separation behavior of 
these two phase systems. Therefore, three different combinations 
of "two phase systems" out of one three phase system were made by 
selectively deleting the third phase (Figure 6). Macroemulsions 
were produced as described in the experimental section. 


It is interesting to note that the phase separation behavior 
of all of the three combinations is nearly the same. The behavior 
of the oil/middle phase emulsion is similar to that of the three 
phase system. Likewise, the two emulsion systems constituting 
oil/aqueous and middle phase/aqueous phase appear to behave iden- 
tically within the experimental error. 


Macroscopically, the important observation is the occurrence 
of rapid separation of the emulsion at optimal salinity in com- 
parison with that of other emulsions. This effect is best illus- 
trated in Figures 6 and 7. When one considers the time taken for 
50% phase separation, the time at which an abrupt change in slope 
of the volume versus time curve occurs and the reciprocal separa- 
tion rate with NaCl concentrations as criteria, three pronounced 
anomalies are obvious: 


1) a maximum at 1% NaCl 

2) a pronounced minimum at 1.5% NaCl and 

3) a local minimum at 6% NaCl 

Alternatively, if the total time taken for complete separation 
of these emulsions is considered, then we are left with the anom- 


alies (2) and (3). Anomaly (1) drops out because of creaming 
effects. 
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Fig. 6. Batch settling curves for 1.5% NaCl + TRS 10-410 (5%) + 
IBA (3%) three phase system with dodecane. 
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Drop stability: It is well known that the phase separation of 
the emulsions is controlled by the factors which influence the co- 
alescence of drops. Therefore, we will now attempt to apply the 
developed Theory of Coalescence to the present situation. 


Although the stability of emulsions containing micron-size 
droplets has been studied using a variety of emulsions in the past 
no unified and quantitative approach based on the physico-chemical 
properties of the system has been achieved. Obviously, this lack 
of understanding can be attributed to the complexity of the systems 
which invariably contain several species. A substantial contribu- 
tion to the factors affecting emulsion stability has been made by 
Boyd et al. (9) using Spans or Tweens with Nujol and water. Some 
aspects of energy barriers associated with emulsion stability have 
been considered by several authors. The details can be found in 
the reference, Davies and Rideal (10). We will consider the elec- 
trical barrier-effects encountered with the oil-water and water-oil 
emulsion systems in a later section. 


For the prediction of emulsion stability conditions, it is 
necessary to have some criteria in terms of the measurable quan- 
tities. Evidently, the role of equilibrium physical properties of 
the system would give some insight into the understanding of the 
operative mechanisms causing stability. Although a large amount 
of literature exists depicting this aspect, no satisfactory gener- 
alization can be made presently. 


For illustrative purposes, we will now consider the role of 
interfacial tension on the stability of emulsions. A majority of 
researchers [Bickerman (11)] agreed that since emulsions possess 
very high interfacial area when the interfacial tension is reduced 
one expects an increased emulsion stability. Adamson (12) stated, 
"interfacial tension criterion is unassailable. It is also rel- 
atively useless except for qualitative arguments." 


Yasukatsu Tamai et al. (13) showed that both the oil separa- 
tion curve and the interfacial tension (0;) curve have a minimum 
at the same value of HLB. In the case of blended emulsifiers, 
they did not observe any marked minimum and, at the same time the 
rate curves also showed no minimum. They indicated that emulsion 
stability is indeed ruled by many factors but interfacial tension 
should be one of them and appears to be a useful measure of getting 
a stable emulsion. They suggested that low tension means energet-— 
ically a stable interface and consequently may represent a stable 
structure of the adsorbed emulsifier at the interface. 


Davis et al. (14) studied the stability of fluorocarbon emul- 
sions. They reported that although coalescence times are expected 
to decrease with increased interfacial tension their results for 
the perfluorinated oils did not support any such trend. 
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Having realized the complexity of micrometer-droplet systems 
and the lack of reported literature dealing with the modeling of 


such systems we thought it would be interesting to see as to how 
the fluid properties would influence liquid/liquid dispersions con- 
taining larger drops of the order of 1 mm diameter or greater. It 
is interesting to note that a considerable amount of information 

is available with regards to the fluid dynamic behavior of droplets. 
In view of the many simifarities that exist between micrometer and 
millimeter size droplets we believe that the "film drainage" con- 
cept developed for millimeter droplets can be equally applied to 
the case of micron droplet dispersions. 


In the past, investigations involving the phenomenon of co- 
alescence have been largely concerned with the study of single 
droplets resting on plane liquid/liquid interfaces. The main ob- 
jective was to ascertain the influence of various physical param- 
eters on this process. In the earlier works, experiments were 
directed mainly towards measuring the rest-time of drops. Although 
rest-time is a measure characterizing the drop residence and hence 
the coalescence behavior of the drop at a liquid/liquid interface, 
the direct factor which controls the coalescence step has been 
considered to be of hydrodynamic origin, namely "film thinning". 
Much attention was focused on this problem with the result that 
investigations were extended so that instead of measuring the rest-— 
time, the variations of film thickness during thinning were deter-— 
mined. Extensive details of this process for a number of systems 
have been reported by many researchers, for example, Jeffreys and 
Davies (15), Woods and Burrill (16), Vijayan and Ponter (17,18). 


It should be emphasized here that all of the earlier—developed 
models and experiments have been limited to systems containing low 
surfactant concentrations (below the CMC) and for droplet sizes of 
about 1 mm diameter or greater. We would like to restate some of 
the major assumptions in these models and will use them as the 
basis for extending the models to micron-size dense dispersions 
(or emulsions) containing high concentrations of one or more surf- 
actants and electrolytes. 


The major assumptions are: 


(1) The effects due to electrical double-layer repulsion forces, 
electroviscous effects and the physical presence of adsorbed 
film are neglected. 


(2) Effects due to attractive forces of molecular origin are 
assumed to be negligible. 


(3) All external body forces are absent except for buoyancy (or 
gravity) force. 
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(4) Among surface forces, only surface (or interfacial) tension 
contribution is included. Other probable effects arising 
from surface rheological parameters are neglected. 


Following the suggestions of various authors (19), we will now 
examine the influence of viscosity ratio of phases, density differ- 
ence and interfacial tension values. 


Drop size and density difference between phases: It is known 


that the size of drops and the difference in density between the 
oil and water phases determine the force which a drop exerts on an 
interface. The greater the force pushing a drop against an inter- 
face, the shorter the lifetime of the drop. Generally, large dif- 
ferences in density give rise to deformation of the drop. Thus 

the drop tends to flatten and the area of the draining film is in- 
creased. But at the same time the hydrostatic force causing drain- 
age does not increase proportionately. In fact it was confirmed 

by many earlier workers that the rest-time increased with increase 
in the density difference between the phases. 


Viscosity ratio of the phases: An increase in the viscosity 
of the continuous phase relative to the drop phase increases the 


rest-time as would be expected because the resistance to drainage 
of the film is increased. 


Interfacial tension: A high interfacial tension results in 
the drop resisting deformation so that the area of the drainage 
film will tend to decrease as the interfacial tension increases. 
Thus coalescence time tends to decrease with increase in the inter- 
facial tension. However, increase in interfacial tension also 
tends to inhibit the flow of film itself. Thus, here again the 
physical property produces two opposing effects. In general, how- 
ever, coalescence time decreases with increase in interfacial 
tension. 


Application of the theory of coalescence to the observed 


phase separation anomalies: For the “even mode of drainage" of 
the liquid film separating the drop from another drop or from an 
interface, several models have predicted a physical property group 
as the controlling group in addition to functions characterizing 
the drop dimensions and the rupture film thickness. 


As a first approximation let us now assume (1) the average 
drop diameter in the emulsions to be a constant and (2) the magni- 
tude of rupture film thickness to be a constant throughout the NaCl 
concentration range. Based on these assumptions let us see whether 
this physical property group (02/40) would adequately explain the 
anomalous phase separation behavior at 1.5% and 6% NaCl concentra- 
tions. This group was evaluated using the physical property data 
given in Table 1. The results are presented in Figure 8. It is 
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evident from the figure that the variation of this group with in- 
crease in NaCl concentration does not reveal a parallel behavior 
with the phase separation curve. Instead, we get a minimum for 
(05/40) at 1.5% NaCl compared to a maximum in the phase separa- 
tion rate. In the case of 6% NaCl system, although the phase 
separation curve shows a local minimum no such trend is found in 
the physical property group. It is obvious that the low values of 
interfacial tension in these systems play a dominant role in deter- 
mining the magnitude of the physical property group as compared to 
the effect of either bulk viscosity or density difference varia- 
tions. 


When it was realized that the equilibrium physical property 
group just considered was not sufficient to explain the observed 
phase separation anomaly, one is left with the following questions: 


(1) Are the assumptions in the coalescence modeling realistic? 


(2) For concentrated mixed surfactant system such as the 
one under investigation, would it be possible to apply 
the models developed primarily for "even film" drainage 
mode? 


In an earlier investigation Vijayan and Woods (20) studied 
the stability of oil (benzene) drops at oil oil/water interface 
containing mixed surfactants (sodium dodecyl sulfate and dodecanol) 
around and below the critical micelle concentration. They measured 
both coalescence times and film drainage rates using interferometer- 
cinematography. For the range of concentration studied, they found 
uneven film drainage modes which finally lead the drops to coales- 
cence. Also, anomalous coalescence time behavior was found at 
some concentration of the surfactant. (Note the comparison between 
this observation with the anomaly at 1.5% NaCl concentration in the 
current study.) 


For uneven draining films, Liem and Woods (21) extended the 


even film drainage model and proposed a new expression for the 
coalescence time, t, given by 


(1) 
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a surface mobility parameter defined as 


4 - 2ny 
1+n, 


POROUS MEDIA RHEOLOGY OF EMULSIONS 353 


Ny = number of moving surfaces which can take fractional values 
suggesting a local mobility in the interface. 


No = dimensionless geometrical parameter that relates the radius 
of curvature of the film to the radius of curvature of the 
undeformed drop of radius b. 


It is interesting toynote that this model basically contains 
the same physical property group as the other models but now has, 
in addition, a "surface mobility parameter". (If the drop and the 
planar interfaces are relatively motionless, then Ny ~ 0.) The 
use of the model (eqn. 1) to study mixed-surfactant system by 
Vijayan and Woods (20) partially explained some of the coalescence 
time anomalies. 


Furthermore, the evaluation of the quantity > (or ny) is 
tedious and needs extensive film thinning rate data. 


In spite of the partial success in the application of the 
model one is left with some ambiguities as to the magnitude and to 
the physics and chemistry of the parameter, Ny: <A more fundamental 
problem would be to understand the factors which would directly in- 
fluence the mobility of surfaces. Evidently factors such as at- 
tractive and repulsive forces of molecular origin between surfaces, 
and the mechanical properties of the liquid film separating the 
surfaces have to be understood. Quantitative experimental measure- 
ments of these parameters are not readily available. 


b) Sonicated emulsions: effects of phase ratio and salt 
concentration at 25°C: Similar to hand-shaken emulsion studies 
discussed in section (2a), three sonicated systems containing 2:1, 
1:1 and 1:2 aqueous to oil ratios were investigated as a function 
of salt concentration. From extensive data of volume separated 
versus time, results expressed as time taken for 50% separation as 
a function of sodium chloride concentrations were obtained. Typical 
results are shown in Figures 9 and 10 for 2:1 and 1:1 systems, re- 
spectively. 


From the results obtained using the three phase ratios, it can 
be seen that the general tendency of these emulsions has been to 
give fastest separation at 1.5% NaCl, and also give comparable 
separation at 1.2% NaCl. For all the phase ratios studied, separa- 
tion of 0% and 0.5% NaCl emulsions was not measured because these 
emulsions were very stable (of the order of days) when sonicated. 
Emulsions with 1:2 aqueous to oil ratio provide the most stable 
emulsions at several salt concentrations. In this case, separation 
of 6% and 8% NaCl in addition to 0% and 0.5% was not measured be- 
cause of the large times associated with the separation process 
(of the order of days). 
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Fig. 9. Time taken for 50% phase separation for 2:1 sonicated and 
hand-shaken emulsions versus sodium chloride concentration. 


Note on 1:1 emulsions: When constructing the settling curves 
for these systems an interesting observation was recorded. For all 
salt concentrations, with the exception of 1% and 8% NaCl, all the 
emulsions showed a gradual phase separation behavior with time. 
However, the emulsions containing 1% and 8% NaCl revealed a large 
initial lag before any visible separation commenced. This initial 
time taken for the formation of an observable phase boundary 
(ITFOPB) is of the order of hours. Furthermore, a comparison of 
the macroscopic structures of these emulsions by scanning electron 
microscopy (7) surprisingly reveal similar polyhedral structures. 
The physico-chemical aspect of the presence of polyhedral struc- 
tures in relation to the initial stagnation period (at least for 
visual observations) is an important consideration in the area of 
emulsions. Obviously the next step is to see the microscopic 
changes taking place during the macroscopic stagnation period. 


Separation behavior of emulsions: hand-shaken versus soni- 
cated systems: For the different aqueous to oil ratio systems 
considered presently, the general trend in the settling curves 
(volume of phase separated versus time) remains essentially the 
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Fig. 10. Time taken for 50% phase separation for 1:1 sonicated and 
hand-shaken emulsions versus sodium chloride concentra- 
Elons 


same for the hand-shaken and the sonicated emulsions for a given 
aqueous to oil ratio but differs slightly from one ratio to the 
other. However, a comparison of the time taken for 50% separation 
does show appreciable differences in the separation behavior be- 
tween the two modes of emulsion production. This difference is 
pronounced in the case of 1:1 emulsion system. The 2:1 emulsion 
system does not reveal any such differences between the hand-shaken 
and sonication modes. 


Globally speaking, one can reason out the difference in the 
behavior of hand-shaken and sonicated emulsions in terms of the 
production of stable drop sizes. One would expect the sonicated 
emulsions to provide a stable equilibrium drop population. In the 
case of 2:1 emulsions, it is surprising as to why a difference in 
the separation behavior, in spite of the two modes of emulsion- 
making used, is not observed. Probably the power input by the 
hand-shaking mode is sufficient to produce equilibrium drop popula- 
tion. 
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3. Flow Through Porous Media Studies in Unconsolidated Sand- 
Packed Beds at 25°C 


a) Water: Pressure drop results in the sand-packed bed using 
water (see apparatus, Figure 1) for several flow rates and different 
column conditions are presented in Figure 3. It can be seen from 
the figure that the pressure drop values increase linearly with 
flow rate passing through origin. That is, the flow curves demon- 
strate evidently Newtonian behavior as expected. Small variations 
in the expanded pressure drop diagram arise from small changes 
occurring as the result of passing other fluids and emulsions. 
Obviously it is an anticipated effect. Nevertheless, it is small 
compared to the overall increase in the pressure drop values asso- 
ciated with aqueous solutions and macroemulsions. 


b) Aqueous solutions of TRS 10-410: isobutanol (5:32 w/w) 


containing sodium chloride (0 to 2 wt %): Pressure drops produced 
by the flow of aqueous solutions for several NaCl concentrations 


and flow rates are given in Figures 11 and 12. Aqueous solutions 
with NaCl concentration 0%, 0.5%, 1% and 1.2% follow Newtonian type 
flow behavior over the flow rates investigated. At low shear rates 
(less than 2 ml/min. flow rate) aqueous solutions containing 1.5% 
and 1.8% NaCl demonstrate a non-linear pressure drop-flow rate 
relation. However, at higher shear rates the AP-Q relation appears 
to be linear. It has been demonstrated from molecular order param- 
eter studies (5,6) and physical property data (see for example, 
bulk viscosity, Figure 12) that maximum structural effect and 
liquid crystalline behavior are revealed by these solutions. On 
this basis, it is not surprising to observe a non-Newtonian type 

of behavior at low shear rates. At high shear rates it is possible 
that this structural effect is destroyed, in a relative sense, and 
the pressure drop increases proportionally with flow rate. Aqueous 
solution containing 2% NaCl seems to lie in between AP and Q still 
persists but the intensity is considerably reduced. At flow rates 
higher than 2 ml/min., we have essentially a Newtonian type fluid 
behavior. 


The study of flow of aqueous solutions through unconsolidated 
sand bed thus demonstrates the influence of structural aspects of 
surfactant formulation on pressure drop values at low shear rate 
flows. 


c) Sonicated macroemulsions consisting of aqueous phase 
(5:3% w/w TRS 10-410: IBA) + NaCl (X%) and dodecane oil (oil: 
aqueous = 1:1 w/w): Pressure drop data with flow rate for soni- 
cated macroemulsions as a function of sodium chloride concentration 
is given in Figure 13. Here, as discussed in the earlier section, 
we have both two phases and three phases under equilibrium condi- 
tions. That is, the macroemulsions upon standing give rise to 
equilibrated clear phases which could be two or three phases 
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Fig. 11. Pressure drop versus flow rate curves for aqueous surf- 
actant formulations flowing through a sand pack as a 
function of sodium chloride concentration. 


depending on the salt concentration. In particular, we have two 
salt concentrations, 1.5 and 1.8 wt %, where three phases are pro- 
ducedawhitlstsothem concentrations (05) Ono, els 1.2, 25.00. o) wt 4) 
give two phases. Unlike aqueous phase pressure drop behavior, 
macroemulsions containing 0%, 0.5%, 1%, 1.2%, 2% and greater salt 
levels show non-linear AP=Q relation at low flow rates. This 
effect is more pronounced for O and 0.5 wt % NaCl emulsions. Again 
at high flow rates, similar to aqueous solution behavior, propor- 
tional variation in AP values with emulsion flow rate is observed. 
The very high pressure drop values of 0% and 0.5% emulsions can be 
readily attributed to their viscosity values (see Figure 4). The 
kinematic viscosity of these emulsions are 75 cS and 47 cS, respec- 
tively. With the exception of 1.5% and 1.8% NaCl emulsion, the 
kinematic viscosity of all other emulsions fall in the range 12 to 
17 cS. Being very unstable, viscosities of 1.5% and 1.8% NaCl 
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Fig. 12. Pressure drop and screen factor vs. sodium chloride con- 
centration for aqueous solution of TRS 10-410 + IBA 
(5:3 w/w), + Nach). 


emulsions could not be measured. (See Experimental section.) It 
is interesting to note that while equilibrium two phase systems 
with dodecane oil forming macroemulsions show higher pressure drops 
for a given flow rate and non-Newtonian type (probably pseudo- 
plastic) of behavior at low shear rates (less than 2 ml/min.), 
three phase systems with dodecane oil forming macroemulsions exhibit 
very low pressure drops and a perfectly Newtonian type of behavior. 
This reasoning can be deducted directly by a comparison of water 
pressure drop in the porous media (see Figure 3). One obvious 
reason is that the effective viscosity of these emulsions is very 
low, of the order of a few centipoise. 
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Fig. 13. Pressure drop values of sonicated emulsions in a sand 
packed column as a function of flow rate and NaCl con- 
centration. 


Effect of Addition of Sodium Chloride to Aqueous Surfactant For- 
mulation Containing TRS 10-410 + IBA (5:3% w/w) on Pressure Drop 
in a Sand-Packed Bed and on Screen Factor 


Figure 12 depicts that the (AP) (aqueous phase pressure 
drop) remains steady up to 1% NaCl, gradually increases reaching 
a maximum at about 1.8% NaCl and then decreases. At higher flow 
rates (between 2 to 8 ml/min.) CAND decreases from 0% NaCl 
reaching a minimum at 0.5% NaCl and then increases up to 1.8% NaCl 
and again decreases. At 10 ml/min. flow, (AP), —- minimum is more 
pronounced at 0.5% NaCl but at the same time the maximum in (AP) aq 
occurring at 1.8% NaCl with low flow rates disappears. For all 
NaCl concentrations, increasing the flow rate increases the pres- 
sure drop. When the relative screen factor values of these solu- 
tions are superimposed, two optima are found to occur--a minimum 
atnOmo~e NaGla ands a maximumsat. 54, NaCl. Dts) imteresting to 
see that both screen factor results and pressure drop results 
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reveal a minimum at 0.5% NaCl. However, the maximum screen factor 
occurring at 1.5% NaCl does not correspond to the maximum in the 
pressure drop results. It is probable that a correspondence for 
maxima between the screen factor and (AP) , might have occurred at 
much lower flow rates (less than 1 mimi Microstructure studies 
also indicate structural changes at these concentrations (5,6). 
Among the aqueous solutions, it has been found that 0.5% NaCl solu- 
tions form the most clear solution and remain so upon prolonged 
standing. 


The important outcome of this study is that under the condi- 
tions of experimentation, the occurrence of a maximum in bulk vis- 
cosity and in screen factor at a certain NaCl concentration does 
not correspond with the pressure drop results. Except for this 
disagreement, the variations in the screen factor and viscosity are 
faithfully followed by pressure drop values in the flow rate range 
of 4 to 8 ml/min. 


d) Comparison of emulsion pressure drop in a sand-packed bed 


with batch settling separation data and emulsion viscosities: 
Figure 14 shows the agreement between (AP;,/APyy) [ratio of pressure 
drop of emulsion to that of water] and the time taken for 50% 
separation of the emulsion. The pronounced minima in these two 
factors occurring at 1.5% NaCl is worth noting. The significance 
here is that at this temperature, the formation of stable emulsions 
at 1.5% NaCl was not possible and this may be the reason why the 
pressure drop as well as the emulsion stability is very low. 
Viscosity data of the emulsions again show a similar trend. An 
increase in the emulsion viscosity at 1.2% NaCl from 1% NaCl system 
(12 cS to 18 cS) is reflected directly on the pressure drop values. 
However, this effect is not revealed by the phase separation 
results. It should be emphasized that all these measurements were 
taken at 25 + 1°C. Later measurements in our laboratory indicated 
that by increasing the temperature to 35°C and by prolonging the 
sonication for periods of hours, it was possible to form relatively 
stable emulsions at 1.5% NaCl. This effect together with the oil 
to aqueous phase ratio effect on the physical properties of emul- 
sions and pressure drop in a 6 inch column are discussed in the 
following section. 


4. Flow of Sonicated Emulsions in a 0.25 Inch Diameter, 6 Inch 
Long EM-Gel Packed Unconsolidated Bed at 35°C 


a) Pressure drop as a function of phase ratio and salt con- 
centration: The pressure drop results of the systems, described 
in Table 2, across the 6 inch bed as a function of salt concentra- 
tion and aqueous to oil ratios, are presented in Figures 15-20 and 
in Table 6. In particular, the pressure drop results for the 
three phase systems are somewhat different from that of the results 
for the flow of macroemulsions through a sand-packed column at 25°C 
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Table 6. Pressure drop of sonicated emulsions (APp/L in psi/inch) 
flowing at Q = 4 (ml/min) across the bed at 35°C 


Mean for 1.3% to 1.8% salt concentrations has a maximum spread 
= i” 257s 
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Fig. 14. Ratio of pressure drop of emulsion to water in a sand 
pack and phase separation data plotted against NaCl 
concentration. 


(see section 3) where a Newtonian type of characteristic linear 
plot was obtained between (APs /1) and Q for 1:1 emulsions contain- 
ing 1.5% and 1.8% sodium chloride. However, the results shown in 
Figures 16-18 do not entirely reveal Newtonian type of behavior. 
It should be noted that our recent observations (8) indicate that 
even 3.5% salt concentration system with aqueous to oil ratio of 
1:1 separate out into three phases upon standing at room tempera- 
ture (~ 25°C) for a few weeks. Evidently this system did not 
reveal any Newtonian type behavior in the sand-pack experiments 
at 25°C where this system presumably gave only two phases at the 
experimental conditions. Therefore, it is incorrect to conclude 
that three phase systems exhibit, in general, Newtonian type 
characteristics. 


Interestingly, results of the system containing 1.5% salt and 
1:1 aqueous to oil ratio (Figure 16) do not show a Newtonian type 
behavior (especially at low shear rates). The reason being that 
we could form a relatively stable emulsion this time as opposed to 
the previous attempt (~ 35°C as opposed to 25°C in the sand-pack 
experiments). The higher temperature operation thus seems to have 
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Fig. 15. Pressure drop variation with flow rate for 1% salt emul- 
sion system as a function of aqueous to oil ratio. 
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Fig. 16. Pressure drop variation with flow rate for 1.5% salt 
emulsion system at different aqueous to oil ratios. 


made this profound difference in the state of the emulsion. There- 
fore, it may be concluded that higher temperatures and continuous 
sonication for about one to two hours can lead to the formation of 
relatively stable emulsions. 


In general, most of the 1:4 aqueous to oil ratio systems did 
not produce stable emulsions even after prolonged sonication 
(~ three hours). However, by passing these systems, well-mixed, 
through the porous bed at very high flow rates, relatively stable 
emulsions were obtained. This observation leads us to conclude 
that sonication alone is not capable of producing emulsions in 
‘certain’ systems while mere shearing at high flow rates is capable 
of emulsifying such systems. 


The 2% NaCl system with aqueous to oil phase ratio of 2:1 
showed hysteresis phenomena as shown in Figure 17. With emu:sion 
systems having other phase ratios very long time period (of the 
order of five to six hours) was required for achieving steady 
state in the pressure drop values at a particular flow rate. Once 
steady state conditions were reached at higher flow rates, the time 
taken for the attainment of steady state at lower flow rates was 
considerably reduced (about 15 minutes). This system again reveals 
non-Newtonian type characteristics. It appears that 2% NaCl sys- 
tems show a transition state with respect to pressure drop values. 
Comparison of (APE /D values for different salt concentration at 
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Fig. 17. Pressure drop variation with flow rate for 2% salt emul- 
sion system at different aqueous to oil ratios. 


particular aqueous to oil ratios (Figure 19) shows that (a) for 4:1 
and 2:1 systems pressure drop increases considerably beyond 2% NaCl, 
(b) for 1:2 and 1:4 systems pressure drop decreases beyond 2% NaCl 
and (c) for 1:1 systems, although the changes in the pressure drop 
with salt concentration are not significant, a discontinuity with 
an optimum at 2% NaCl can be seen. In general, the discontinuities 
present in the vicinity of 2% NaCl region correspond with the dis-—- 
continuous changes as revealed by the conductivity data in Table 5. 


Comparison of the pressure drop values as a function of aqueous 
to oil ratios at particular salt concentrations (Figure 20) shows 
felines ~ (Cy) (UN ) increases almost exponentially with phase ratio 
for 1% NaCl systems, (b) (AP, 1 decreases exponentially with phase 
ratio in the case of 3.5% NaCl systems, (c) for 2% NaCl systems 
(APs 1) decreases with phase ratio, going through a minimum at 
aqueous to oil ratio = 1:1 and increases abruptly thereafter, (d) 
for emulsion systems containing salt concentration in the range of 
13 1EONL. O-wih o> (APE /1) increases gradually but linearly with 
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Fig. 18. Pressure drop variation with flow rate for 3.5% salt 
emulsion system at different aqueous to oil ratios. 


phase ratio. For prediction purposes, various pressure drop results 
in the region are grouped together at a given flow rate. The curve 
shown in Figure 20 is estimated to be accurate within + 30%. It 
should be noted that although Figures 19 and 20 illustrate the be- 
havior of emulsions at Q = 4 ml/min., the interpretations presented 
above remain essentially unaltered for other flow rates as well. 


The electrical conductivity results discussed in section 1 
have shown that the macroemulsions seem to exsit as W/o type below 
1.8% NaCl and as O/W type above 1.8% NaCl for all aqueous to oil 
phase ratios. This result together with the pressure drop data 
thus suggest that pressure drop associated with the flow of macro- 
emulsions increase with the increase in the amount of the dispersed 
phase irrespective of whether it is oil or aqueous phase. It is 
suggested that the anomalous behavior at 2% NaCl could only be at- 
tributed to ‘optimal salinity' effects. Rheological data for this 
composition and for those compositions in the transition region 
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Fig. 19. Pressure drop variation with salt concentration of soni- 
cated emulsions for different aqueous to oil ratios at 
4 ml/min. flow rate. 


indicate that the discontinuity must be due to structural changes 
present within the fluid which is in good agreement with our micro- 
structural results published elsewhere (8). Similar transition 
states associated with phase inversion and structural properties 

as reflected by rheological properties of some microemulsion sys- 
tems, have been studied by Dreher et al. (22). Their flow experi- 
ments using microemulsions (swollen micelles) showed that oil- 
external microemulsions exhibit Newtonian flow behavior whilst 
systems in those composition range that are in the oil-external to 
water-external transition region, exhibit non-Newtonian behavior. 
Our results for the transition region appear to corroborate these 
findings. In aqueous systems (Figure 11) the birefringent charac- 
teristics (liquid crystalline) of 1.2% - 2% NaCl systems evidently 
show non-Newtonian flow behavior of pseudoplastic type characteris-— 
ECs. 


b) Applicability of Darcy's law: For steady laminar viscous 


flow in horizontal beds, Darcy's law is: 
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Fig. 20. Variation of pressure drop with percent volume of oil 
phase for different salt concentrations at 4 ml/min. 
flow rate. 
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Oot raeeni (2) 


where the permeability K is determined by the structure of the 
porous material and has the unit: 'Darcy' (d) [1 darcy = 1 (cm3/s). 
(ep) 7/1 (cm2) , 1 (atm/cm)]. The transition from laminar to tur- 
bulent flow occurs, say in sands and sandstones, gradually in the 
range of Reynolds number from 1 to 10. The Reynolds number is 
defined as 


(3) - 


where 6 and ¢ are the sand-grain diameter and porosity of the bed 
respectively. Since porous systems possess a distribution of pore 
sizes, the transition from laminar to turbulent flow is not abrupt 
at a critical Reynolds number as in the case for flow through pipes. 


To verify the applicability of eqn. (2), it is possible-to 
calculate the maximum Reynolds number from eqn. (3) that could have 
been encountered in the present investigation. Substituting values 
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for the parameters in eqn. (3) except for the porosity [6 = 0.063 - 
0.125 mm, A = 0.317 cm?, pp = 0.95 cp (lowest value), 0 = 1.0 g/cm3 
(maximum value), Q = 11.3 ml/min. (maximum value)], we have Re = 
0.78/>. If a percentage porosity as low as 10% is substituted, it 
would only give a maximum Reynolds number of 7.8 which is well 
within the range of 1 to 10 for the transition from laminar to tur- 
bulent flow in sands and sandstones. Although the porous media 
used in the present study are composed of different materials, the 
order of magnitude of the maximum Reynolds number is quite within 
reasonable limits, should be sufficient for the applicability of 
Darcy's law. It should be noted that the viscosities of emulsions 
are, in most cases, much higher than that of water. Consequently, 
Reynolds numbers would go even below 1. This condition would rule 
out the possibility of a change from laminar to turbulent flow in 
the present studies. 


c) Permeability and viscosity considerations: In the absence 


of reliable viscometric data (relating viscosity as a function of 
shear rate) for the emulsion systems under study, an attempt is 
made presently to calculate the ratio of permeability to viscosity 
parameter of the emulsions in the porous bed using Darcy's law. 
The calculated values are presented in Table 7 for three aqueous 
to oil ratios, four different salt concentrations and five flow 
rates. With increase of emulsion flow rate, the (k w ratio in- 
creases for salt concentrations less than 2% for i: and 1:4 emul- 
sions. At and above 2% NaCl, the ratio remains essentially con- 
stant as the flow rate is increased. For 4:1 emulsion system, with 
NaCl concentrations of 2% and higher the ratio increases with the 
flow rate. These observations appear to reveal the existence of 

a 'transition region’ in the phase ratio. More likely the transi- 
tion point is expected to lie in between 2:1 and 1:1 emulsions. 


The determination of absolute permeability values as a function 
of shear rate, salt concentration and phase ratio, poses some 
problems because of the complex interaction of the parameters. Al- 
though permeability is the property of the porous medium, it has 
been recognized by investigators (see for example, 23 and 24) that 
the nature of the fluid in terms of its wetting characteristics 
with the packing material, would equally contribute to permeability 
effects. Therefore, a strict evaluation of this quantity from 
Darcy's law requires extensive viscosity-shear rate data from in- 
dependent viscometric measurements. Our data from low and constant 
shear rate experiments (Table 4) although indicate variations with 
respect to phase ratio and salt concentration (paralleling the 
observed pressure drop values) are not sufficient to be able to 
give realistic values of permeability. Order of magnitude calcula- 
tions show that K can vary anywhere from 5 to 16 darcy. It should 
be noted that the flow of water through the same porous system 
gives an average permeability of 7 darcy. If the fluid is assumed 
to be Newtonian, then it is possible to use the water permeability 
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to evaluate the ‘apparent viscosity’ of the various emulsion sys- 
tems from the calculated (k/),) values in Table 7. Evidently, this 
approach is not entirely correct for the present situation. How- 
ever, this basis can be useful to understand the relative behavior 
of the various systems. From such a calculation it can be seen 
that: (a) for 4:1 emulsions having 2% and 3.5% NaCl, Le decreases 
as the flow rate is increased while wu, of 1% and 1.5% NaCl emul- 
sions remain constant at about 3-3.5 cp. (b) Apparent viscosity 
values of 1%-2% emulsions with 2:1 aqueous to oil ratio are essen- 
tially independent of flow rate. However, the 3.5% NaCl emulsion 
shows a decrease in WU, with an increase in flow rate. (c) Both 
1:1 and 1:4 emulsions behave identically. Here, for 1% and 1.5% 
NaCl, HU, decreases with flow rate and for 2% and 3.5% NaCl the 
apparent viscosity values are independent of flow rate. 


The observations presented above evidently show that by in- 
creasing the oil phase volume, a phenomenological change occurs 
around 2:1 aqueous to oil ratio in the apparent viscosity values 
as a function of sodium chloride concentration. For lack of vis- 
cometric data, further analysis of the rheological behavior of the 
emulsions is not carried out. 


In summary, the authors wish to point out that all of the 
results reported in this investigation of emulsion behavior under 
various conditions show evidently the complexity of the problem. 
Simplified correlations are difficult to propose at this stage. 
Nevertheless, this investigation highlights a number of pertinent 
problems caused by the presence of emulsion in tertiary oil recov- 
ery systems. This is only the beginning and obviously more de- 
tailed studies are inevitable relating microstructure of micellar 
systems with macrostructure of emulsions and their physical and 
rheological properties before analyzing their fluid dynamic behav- 
ior in porous media. 


CONCLUSIONS 


1. Discontinuities in electrical conductivity values demonstrate 

the existence of a phase inversion process in macroemulsions. For 
1:1 (aqueous:oil) emulsions at 25°C, phase inversion of O/W to W/O 
occurs around optimal salinity (1.5% NaCl). : 


2. For a given phase ratio, the phase inversion process parallels 
the observed (ref. 7) phase inversion in microemulsions (swollen 
micelles) by electron spin resonance studies. 


3. Emulsions containing optimal salinity concentration of sodium 
chloride are very unstable at 25°C. By increasing the temperature 
to 35°C, relatively stable emulsions can be formed by sonication. 


4. Increasing the system temperature favors the production of 
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3-phases (otherwise 2-phase systems at low temperatures). Once 
three phases are produced reverting to room temperatures makes the 


phase change irreversible. 


5. Discontinuities in emulsion viscosity values reconfirm the 
phase inversion process as revealed by electrical conductivity 
results. 


6. At 25°C, hand-shaken as well as sonicated 1:1 emulsions at 
optimal salinity exhibited maximum phase separation rate. 


7. Phase separation results for hand-shaken and sonicated emul- 
sions with aqueous to oil ratios of 1:1 and 2:1 as a function of 
sodium chloride concentration follow very closely to each other 
although the time taken for separation of sonicated emulsions are 
much higher than that of hand-shaken emulsions. 


8. Application of the simplified theory of coalescence (developed 
for millimeter-droplets and for relatively high interfacial tension 
values) to micron-droplet system (present case) having ultra low 
interfacial tension values, has not been successful. 


9. For low shear rate experiments in sand packs for the flow of 
aqueous surfactant formulations containing 1.5% NaCl and more, a 
non-linear pressure drop-flow rate relation exists. Other formula- 
tions having less than 1.5% NaCl, AP-Q plots show linearity. High 
shear rate experiments reveal linear variations in AP and Q. 


10. Non-linear behavior of aqueous formulations containing 1.5-2.0% 
NaCl at low shear rates, is attributed to liquid crystalline nature 
of these phases. Screen factor measurements further corroborate 
these findings. 


11. Flow of sonicated emulsions in sand packs at 25°C having equil- 
ibrium 3—phases, produce low pressure drops. Also, they possess 
Newtonian type flow behavior. However, 1:1 emulsions with 0-1.22 
NaCl give high viscosities and consequently high pressure drops. 
Reasons for this behavior are attributed in terms of emulsion 
droplet size and structure. 


12. Results of the flow of aqueous surfactant formulations in sand 
packs together with the physical property data demonstrate that 
the occurrence of a maximum in bulk viscosity and in screen factor 
at 1.8% NaCl, does not correspond to the pressure drop results. 
Otherwise, pressure drop values, in general, follow the bulk vis-—_ 
cosity and screen factor variations. 


13. Emulsion pressure drop results as a function of NaCl concentra- 
tion in sand pack experiments follow closely the separation rate 
results from batch settling tests at 25°C with a pronounced minimum 
Ale Mo SV INECIL 


14. Emulsion flow in a EM-Gel packed bed at 35°C as a function of 
phase ratio and salt concentration demonstrates the presence of a 
transition region in the vicinity of 27° Nacle This einsturn, 
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corresponds to the discontinuous change as revealed by the con- 
ductivity data. 


15. Pressure drop results of emulsions containing 1.3 to 1.8% NaCl 
in a EM-Gel packed bed reveal a linear variation with phase ratio. 


16. In general, flow experiments in EM-Gel packed beds show that 
pressure drop of emulsions increase with the increase in the amount 
of dispersed phase, irrespective of whether it is oil or aqueous 
phase. The anomalous behavior at 2% NaCl is attributed to optimal 
salinity effects. 


17. Reynolds number calculations rule out the possibility of a 
change from laminar to turbulent flow in the present studies. The 
shear rate magnitudes and flow regime favor the applicability of 
Darcy's law. 


18. The average permeability of EM-Gel packed beds using water is 
7 darcy and the emulsion systems give permeabilities in the range 
Of di sto16 darcy. 


19. In the absence of reliable viscometric data, the apparent 
viscosity values (evaluated using Darcy's law with the permeability 
of water) show a discontinuity around aqueous to oil ratio of 2:1. 
For several salt concentrations and phase ratios, the apparent vis-— 
cosity variation with emulsion flow rate is essentially constant. 
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NOMENCLATURE 
A cross-sectional area of porous bed, cm 
B a constant with dimension of reciprocal length squared which 


is characteristic of the pore geometry. B is also propor- 
tional to the specific surface 

g acceleration due to gravity 

h liquid film thickness at any time t (eqn. 1) 

ho initial liquid film thickness (eqn. 1) 

K permeability (= bp)» a constant characteristic of the 
medium, darcy [1 darcy = (cm3/s) * cp/cm2 + (atm/cm) J 

L length of porous bed 

P pressure, psi 

AP pressure drop across porous bed by the flow of emulsion, psi 


in) 


14. 


De 
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pressure drop of water across porous bed, psi 
volumetric flow rate of fluid, ml/min 

bulk density, g/cm3 

density difference between aqueous and oil phases, g/cm 
apparent viscosity, cp 

aqueous phase viscosity, cp 

oil phase viscosity, cp 

continuous phase viscosity, cp 

porosity of bed 

interfacial tension, dyne/cm 
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RHEOLOGICAL PROPERTIES OF INTERFACIAL LAYERS FORMED BY IRON AND 


ALUMINUM SOAPS, USED IN REVERSIBLE EMULSIONS IN PETROLEUM INDUSTRY 


Seo nadvie we MUKndMe sl OonhevVaemG wah mlchakovasand 
V. Rybalchenko 


Moscow Institute of Petrochemical and Gas Industry 
named after I. M. Gubkin, Leninski prospect, 65, 
Moscow, USSR 


In connection with the application of water-in-oil concentrated 
emulsions in the petroleum industry, emulsified hydrocarbon films, 
rheological properties of interfacial layers formed by aluminum and 
iron soaps of synthetic fatty acids (SFA), C17-C oq» and stabilities 
of model systems were studied. It was found that sufficiently 
thick (700A) structured interfacial layers having mechanical proper- 
ties similar to those of solid-like bodies were the basic stabili- 
zing factors for water-in-oil concentrated emulsions. 


INTRODUCT ION 


The greater are the drilling depths in complicated geological 
formations, the more urgent is the necessity of creating and im- 
proving the drilling muds. In this respect, hydrocarbon-based muds 
are very promising, in particular, water-in-oil concentrated emul- 
sions which are complex multicomponent systems which are gaining 
wider and wider application. In spite of the fact that many scien- 
tists work on the formation of stable water-in-oil concentrated 
emulsions, insufficient attention is paid to the inter-relation be- 
tween the physico-chemical properties of surfactants and their 
emulsifying and stabilizing actions. 


According to Rhebinder (1), stable concentrated emulsions may 
be obtained only when there is a structural-mechanical barrier at 
the interface. The structural-mechanical barrier may result from 
adsorption of surfactants forming a structure of sufficiently high 
mechanical strength at the interface. In previous studies (2-4), 
it was shown that SFA aluminum and iron soaps (C1 7-Co9) can be used 
to obtain stable water-in-oil concentrated emulsions as models of 
hydrocarbon-based drilling muds. 
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In our work we have attempted to determine the relationship 
between interfacial layer properties and water-in-oil emulsion 
stability. For this objective, physico-chemical properties of 
surfactants (stabilizing agents), properties of emulsified hydro- 
carbon films and rheological properties of interfacial layers must 
be studied. The results of the study may lead to recommendations 
for preparing high-stability systems for commercial well-drilling. 


EXPERIMENTAL 


SFA aluminum and iron soaps (Cy5- Coq ) synthesized by a double 
exchange reaction were studied. Soaps were freed of impurities by 
washing with hot water and extracting with methanol. A water/ 
n-decane system was taken as a model of water-in-oil emulsion. 
Sodium dodecylsulfonate was purified by means of recrystallization 
from an alcoholic solution. 


Formation and properties of emulsified hydrocarbon films were 
determined by visual observation and measurements of contacts be- 
tween a small drop of water submerged into oil and the larger water 
phase. The cell within which the film was formed was a small glass 
cylindrical vessel having a flat parallel bottom (1.5 cm diameter 
and 3 cm high). By means of a microsyringe water drops were in- 
jected into the upper oil phase, time was given for an equilibrium 
adsorption layer to be formed, then the drop was spread upon the 
interface. To obtain drops of a similar radius, a glass capillary 
(0.04 cm diameter) was used. 


The films obtained were observed from below using a "Zeis-— 
Epitip" microscope. Monochromatic light was supplied by a mercury 
lamp with a filter passing a 5/7/0- 5790A band. The method was uti- 
lized to study kinetics of emulsified film thinning-—out and to 
determine the half-lives (Ty /2) of water drops at flat interfaces 


(5). 


Water-in-oil emulsions were prepared in a mixer conventionally, 
by stirring at a speed of 1000 rpm for 30 min. at 20°C. Emulsions 
contained 50% water and 50% oil. Stabilities of model emulsions 
were estimated by the time (Tt) within which a 50% dispersed phase 
was settled. To accelerate the measurements the samples were 
placed within a field of centrifugal forces of a centrifuge making 
3000-6000 rpm. 


Rheological properties of interfacial layers were determined 
by means of a device based on twisting a disk suspended on an elas- 


tic wire and placed at interface (6). 


Two methods were used in our work: 


IRON AND ALUMINUM SOAPS IN REVERSIBLE EMULSIONS 379 


Method I - Measurement of kinetics of shearing strain development, 
€ = €(t), where P is constant. The method allows to study deforma- 
tion with time at constant loading of the system, and reversible 
release of deformation after instantaneous loading (P = 0). 


Method II - Study of kinetics of establishing a steady flow. The 
method allows to study shearing stress variations, P,, with time 
upon gradually increasing deformations and constant speeds of 
shearing (& is constant). 


Application of the two methods made it possible to plot the 
entire rheological curve, speed of deformation vs. equilibrium 
stress € = £(P,,), as well as to determine rheological properties 
of interfacial layers. 


RESULTS AND DISCUSSION 


It has been shown (7-9) that properties of thin liquid films 
are of great importance for stabilization of dispersed systems. 
We have used thin hydrocarbon films as models of water-in-oil 
emulsions and their properties may be characteristic of reversible 
emulsion stabilities. We investigated hydrocarbon films stabilized 
by aluminum and iron soaps with concentrations from 0.001 to 0.1%. 


Upon the contact of a water drop with the flat water/soap 
solution in n-decane interface, a liquid hydrocarbon film was 
formed which is surrounded by Newton rings that may be seen in 
reflected light. Upon thinning, the film itself changes its color 
from white to grey and then to black. 


It was found that up to 0.004% concentration of the iron soap 
in n-decane, which corresponds to the formation of a saturated ad- 
sorption layer at the interface, black spots are formed. However, 
these black spots do not produce a black film and interfacial film 
is broken quickly. Soap concentrations of up to 0.1% produce a 
film whose thinning-out stops when a thick stable grey film is 
created. Similar results have been observed for films stabilized 
by aluminum soap. During the formation of the film, monochromatic 
light showed alternative dark and bright bands corresponding to 
the interference maxima and minima. By measuring the parameters 
of the latter, the film thickness could be estimated. 


In the case of thick films, their thermodynamic properties may 
be considered to be practically the same as those of the bulk phase. 
Using the topographic technique for determining the angle of con- 
tact between a thick film and the larger phase (10), the angle of 
contact was taken to be equal to zero. 
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Estimation of hydrocarbon film thickness was carried out in 
relation to soap concentrations and the time from interface forma- 
tion. Soap concentrations from 0.01 to 0.1% increased the film 
thickness from 600 to 1000A, the time from interface formation in- 
fluencing the film stability. Similar results were obtained when 
film thickness was determined by the ellipsometry. Thus, the study 
of emulsified hydrocarbon films stabilized with aluminum and iron 
soaps showed that the process of film formation did not lead to 
stable black films. 


Film thinning is completed when a grey thick film is formed. 
Its stability increases with time, apparently on account of a 
structure formation process, the latter may be estimated by the 
rheological parameters of interfacial layers. Rheological inves- 
tigations were carried out for an interfacial layer formed by a 
0.5% SFA iron soap solution in n-decane at water interface. 
Kinetics of shearing strain development was studied within the 
shearing stress range from 0.099 to 0.396 dyne/cm. 


Curves for shearing strain development are shown in Figure l. 
As seen from Figure 1, immediately upon loading, fast instantaneous 
deformation is developed in the layer, the former increasing with 
the load growth according to Hooke's law. Fast instantaneous de- 
formations are followed by elastic deformations which are increas-— 
ing with time. As the shearing stress applied exceeds the yield 
point, in addition to elastic deformations, residual deformations 
are observed, the magnitude of the latter increasing with constant 
speed. Residual deformations in the layer may be seen upon un- 
loading. 


402 
C0 P =const 


C= 05 (wt %) 


Ps, dyn/cm 
IT - 0,099 
I - 0,198 
H- 0,297 
V-0,396 


fa 


= 
I=! |= 


r! 


24 6 8 10 12 th 16 18 20 22 oh 26 28 30 
Time ,T, min 
Fig. 1. Development of deformation with time in the interfacial 
layer formed by SFA iron soap solution in n-decane/water 
interface. I-=P, = 0.099 dyne/em; II--P, = 0.198 dyne/cm; 
IITI--P, = 0.297 dyne/cm; IV--P, = 0.396 dyne/cm. 
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The data obtained were used to estimate the moduli of fast 
and slow elastic deformations, the equilibrium modulus of elastic-— 
ity and viscosity of elastic after-effect. 


To obtain rheological characteristics in the range of high 
shearing stress, the method ¢ = constant was used. The speed of 
deformation was taken in the range from 0.064 to 1.28 secul. 


Figure 2 shows that the curves obtained have a clearly seen 
maximum corresponding to the critical shearing stress, Prs> 
achieving its equilibrium value, Pog» One minute after the beginning 
of deformation. The maximum on the curves, Beat) ee asso 
ciated with the elastic properties of the interfacial layer. The 
greater the speeds of deformation, the larger the differences be- 
tween the values of Py, and Pog» which is due to the relationship 


between the time of relaxation and speed of deformation. 


Rheological curves for speed of deformation and interfacial 
layer viscosity vs. equilibrium shearing stress, € = f(P,,) and 
n = £(P,,), are given in Figure 3. Rheological curves have several 
sections of ditferent mature. “Inthe -elastic area, at P, < Py. 
deformations are fully reversible, the interfacial layer structure 
is characterized by infinitely great viscosity values and absence 
of broken links. In the P, > Py range of shearing stresses there 
is a short shoulder of slow creep characterized by constant plastic 
viscosity, No» equal to 10° dyne sec/cm. Within this area the 
number of restored linkages exceeds that of broken ones. Further 
on, at shearing stresses higher than Py (Bingam yield point) the 
number of broken linkages begins to exceed, the layer structure is 
broken and viscosity drops by 4-5 orders. The presence of two 
yield points on the rheological curves proves a solid-like nature 
of the interfacial layer formed, whose structure represents a 
10-15% gel. Rheological characteristics are listed in Table l. 


In the previous work (3), the disintegrating action of sodium 
dodecylsulfonate on the critical shearing stress of the interfacial 
layer formed by iron soap solution in decane was shown, when the 
interfacial layer in question was used in drilling muds as a hydro- 
phobic agent for a solid surface. 


In this work the authors studied the effect of sodium dodecyl- 
sulfonate on fast elastic deformation, €,, of the interfacial layer 
formed by a 0.05% iron soap solution in n-decane at water interface. 


As seen from Figure 4, small concentrations (5.107 mol/1) of 
water-soluble sodium dodecylsulfonate reduce fast elastic deforma- 
tion (e,). This fact may be associated with a greater degree of 
interfacial layer filling. Gradually increasing concentrations 
result in a sharp growth of €,, which is due to the disintegration 
of the layer structure (Curve I). Variations in sodium dodecyl- 
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I - 9.13 
Fs TI ==0232 
III — 0.65 
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Time, sec 


Fig. 2. Variations of shearing stress in the interfacial layer 
formed by SFA iron soap solution in n-decane/water inter- 
face. ‘Conces ="0-5%4" Ie 013 Seer F tie = 02 
sec7l; III--¢ = 0.65 sec1; Iv--é = 1.28 sect, 


Table 1. Rheological characteristics of a 0.5% SFA iron soap solu- 
tion in n-decane/water interface 
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Fig. 3. Curves showing dependence of speed of deformation (€) and 
viscosity (nN) on equilibrium shearing stress (ho? for the 
interfacial layer formed by SFA iron solution in n-decane/ 
water interface. Conc. = 0.5%. 
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Fig. 4. Effect of sodium dodecylsulfonate concentration on fast 
elastic deformation 0 (1), and stability of concentrated 


emulsions T (II). 
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sulfonate concentrations produce similar effect on emulsion stabil- 
ity (Curve ITI). 


To study the inter-relationship between rheological character- 
istics of interfacial layers and stability of water-in-oil concen- 
trated emulsions, model emulsions containing 50% water and 50% soap 
in n-decane were prepared and their properties studied. In our 
previous work (3,4) high stabilities of emulsions stabilized by 
aluminum and iron soaps were observed, rheological properties of 
stabilizing interfacial layers being compared with the stability 
of drops. 


In Figure 5 are given relations of water drop stability at the 
flat interface (Curve I), adsorption of SFA aluminum soap on emul- 
sion drops (Curve II) and the critical shearing strength of the 
interfacial layer (Curve III) depending on the equilibrium soap 
concentration in solution. Greater equilibrium soap concentrations 
in solutions lead to higher stabilities due to adsorption and for- 
mation of a stable structure at the interface. 


+ 


— + 4 
04 0.2 03 0,4 
C(Wt ~%) 


Fig. 5. Dependence of half-lives (T1/2) of water drops at flat 
interface (I), adsorption on emulsion drops (II) and 
critical shearing stress (ee s) of the interfacial layer 
(III) on equilibrium coneentratiion of SFA aluminum soap 
in n-decane, 
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In our work we also compared stabilities of model emulsions 
with those of thin hydrocarbon films. Soap concentrations cor- 
responding to black spot formation did not lead to stable emulsions. 
To obtain them, concentrations much higher than those at which 
stable films are formed are necessary. This is due to the fact 
that during emulsification a sharp increase of the interfacial ad- 
sorption surface occurs, which results in considerably lower con- 
centration of surfactant-fn solution. 


CONCLUSIONS 


The correlation between stability of water-in-oil concentrated 
emulsions and rheological characteristics of interfacial layers 
allows us to make a conclusion that the basic stabilizing factor 
at interface is the presence of a colloid-adsorption layer having 
eogel—like structure of sufficient strength. 
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EFFECT OF VISCOUS AND BUOYANCY FORCES ON NONWETTING 


PHASE TRAPPING IN POROUS MEDIA 


N. R. Morrow and B. Songkran 


Petroleum Recovery Research Center 
New Mexico Institute of Mining and Technology 
Socorro, New Mexico 87801, U.S.A. 


The trapping of residual nonwetting phase in packings of equal 
spheres has been investigated for a wide range of capillary num- 
bers, vu/o (ratio of viscous to capillary forces) and Bond numbers, 
ApgR2/o (ratio of gravity to capillary forces). For vertical dis- 
placement, residual saturations varied from normal values of about 
14.3% when the Bond number was less than 0.00667 and the capillary 
number was less than 3 x 10=9, down to near zero when either the 
Bond number exceeded 0.35 or the capillary number exceeded about 
7 x 10-4. Precise correlation of residual saturation with a linear 
combination of Bond and capillary numbers showed that the effects 
of gravity and viscous forces on trapping are superposed. The 
equivalence of gravity and viscosity forces is used to determine 
relative permeability of the displacing fluid at the flood front. 
Relative permeabilities to the wetting phase behind the flood 
front at less than normal residual saturations are reported. For 
displacement at various dip angles, the effect of gravity is 
greater than that predicted by using results for vertical displace- 
ment with the Bond number resolved according to angle of dip. 


The conditions required for prevention of trapping are com- 
pared with those required for mobilization of trapped blobs of 
residual nonwetting phase. It is estimated that mobilization of 
trapped blobs is about five times more difficult to achieve than 
prevention of trapping. For low interfacial tension systems, buoy- 
ancy forces may sometimes have significant influence on the micro- 
scopic mechanism of displacement in reservoir rock. 
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INTRODUCTION 


The entrapment and mobilization of residual saturations is 
pertinent to many aspects of enhanced recovery (1-4). Entrapment 
mechanisms determine what proportion of oil is recovered from the 
swept zone of a waterflood, and, consequently, how much oil remains 
for possible recovery by tertiary methods. The volume of oil 
remaining in swept zones and the fraction of this Ons eha tartsmen 
covered are critical economic factors in application of enhanced 
recovery processes. 


Entrapment and mobilization mechanisms at low flow rates and 
low interfacial tension can also control the recovery obtained by 
tertiary methods. In micellar flooding, for example, high ratios 
of viscous to capillary forces arise at field flow rates when in- 
terfacial tensions are very low. Development of a continuous oil 
bank having significant mobility requires that discontinuous oil 
be mobilized to form a continuous bank which gathers more residual 
oil as it advances. Interfacial tensions may exist or develop 
between the micellar bank and the oil, or between the micellar 
fluid and the aqueous polymer bank used to push the micellar fluid. 
Entrapment of oil by the micellar bank, or of micellar fluid by the 
polymer bank would eventually cause the process to fail. 


Taber (2) showed, for water-wet sandstones, that a critical 
value of viscous to capillary forces was required for production 
of residual oil. For economically significant recovery of oil, 
this critical value, which is an intrinsic property of a given 
rock, must be exceeded by a factor of about ten. Because of prac-— 
tical limitations on pressure drop and distances of separation 
between injection and producing wells, it was estimated that ex- 
tremely low interfacial tensions of the order of 1/100 of a dyne/cm 
must be achieved for mobilization of significant quantities of 
residual oil. At normal oil-water interfacial tensions, capillary 
forces which retain residual oil far exceed buoyancy forces. How- 
ever, comparatively little attention has been given to the distinct 
possibility (4) that when interfacial tensions are lowered, as in 
surfactant flooding, so that viscous forces can compete with capil- 
lary forces, buoyancy forces may also have significant effect on 
both trapping and mobilization. 


BOND NUMBER AND CAPILLARY NUMBER 


The factors which determine the microscopic mechanism of 
trapping are: geometry of the pore network; fluid-fluid properties 
such as interfacial tension, density difference, viscosity ratio, 
and phase behavior; fluid-rock interfacial properties which deter- 
mine wetting behavior; and applied pressure gradient and gravity. 
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Results presented in this paper concern the effect of applied pres- 
sure gradient and gravity on residual nonwetting phase saturations 
for systems in which there is complete wetting, the fluid-fluid 
properties are held constant, and the porous media (random packings 
of equal spheres) are geometrically similar. 


The capillary forces which cause trapping or resist mobiliza- 
tion can be overcome by viscous pressure gradient or buoyancy 
forces. The ratios of gravity to capillary forces and viscous to 
capillary forces are expressed as dimensionless groups, known 
respectively as the Bond number (Np) > and capillary number (Noa): 


2 
_ ApgR 
c- vie (1) 
Sev 
nea 156 (2) 


where: Ap = fluid density difference (gm/cm3) 

= acceleration due to gravity (cm/sec“) 

= particle radius (cm) 

= displacing fluid velocity (cm/sec) 

= displacing fluid viscosity (poise - gm/cm-sec) 
= interfacial tension (dyne/cm) 


Qr<s wo 
I 


The particle radius R is chosen as a convenient characteristic 
length which is of the same order of magnitude as the pore dimen- 
sions. The main reason for choosing unconsolidated packings of 
close-sized particles as the porous media is that particle radius 
can be varied at will to give systems of different permeabilities 
but essentially similar geometries which scale according to par- 
ticle radius. The absolute permeability, in C.G.S. units, can be 
expressed in terms of particle radius by using the Kozeny-Carman 
equation (5): 


Serco, @) 
K, (1-9) a 


where: A, = specific surface area per unit solid volume 
= 3/R 
K, = Kozeny constant, which by experiment has been shown 
to be approximately equal to 5 for well-sorted sands 
or sphere packings 
¢ = porosity, which is usually equal to about 0.38 for 
random packings of equal spheres 


Substitution of these values gives an approximate relationship be- 
tween permeability and particle radius for random packings of equal 
spheres: 


k = 0.00317R° (4) 
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It follows that the relationship between the Bond number, expressed 
as, ApgR2/o, and that expressed as Apgk/o can be written: 


=, 0.00317 °[N ] (5) 


NB (k) B(R2) 
where k and R% indicate the basis of the Bond number. Unless 
stated otherwise, the values of Bond number, Np, or the reciprocal 
of the Bond number, are based on the particle radius, R. 


EXPERIMENTAL 


In most of the experiments, an aliphatic oil (Soltrol-130) was 
used as the wetting phase and air was the nonwetting phase. This 
choice of fluids ensured that the contact angle was zero through 
the oil phase for all experiments. The Soltrol had a viscosity of 
1.42 cp, density of 0.7484 gm/cm>, and surface tension of 23.19 
dynes/cm. All measurements were made at room temperature (23+0.5°C). 


Packings of close-sized glass beads were used as the porous 
media. The spheres were first separated into the sizes listed in 
Table 1. Bead packs were held in a modified burette (see Figure 1) 
which had a disc of fine stainless steel screen of about 450 mesh 
size at its base. The screen was supported in a hollow rubber 
plug or in a stainless steel cylinder with an o-ring which provided 
a seal with the inside wall of the burette. After adding oil to 
the burette, it was attached to a vibrator and beads were added 
slowly in order to avoid entrapment of air during packing. This 
procedure gave a reasonably dense and consistent packing which was 
initially 100% saturated. After adding the beads, a plastic washer 
was forced against the upper surface of the pack to prevent its 
movement during subsequent displacement tests. The oil above the 
bead pack was then drained to the level of the upper surface of 
the saturated pack and porosities were determined from subsequent 
weight and volumetric measurements. All weighings were made on a 
top loading balance having an accuracy of + 0.01 gms. Errors in 
saturation measurement were estimated to be less than one-tenth 
percent of the pore volume. Permeability measurements were made 
with equipment set up as shown in Figure l(a). A plot of change 
in height, Ah, versus time, t, on semi-logarithmic graph paper 
yielded a straight line relationship because pressure drop is di- 
rectly proportional to Ah, and flow rate is proportional to rate 
of change in Ah. The permeability of the rock was determined from 
the overall permeability by correcting for the resistance to flow 
in the apparatus caused mainly by the stainless steel retaining 
screen (6). After measuring absolute permeability, the oil was 
drained from the column into a burette connected as shown in Figure 
l(b). The height, H, in Figure 1(b), was calculated to provide for 
drainage to the irreducible saturation of the bead pack but was kept 
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Fig. 1. Apparatus 
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well below the penetration pressure of the stainless steel screen. 
Thus, the space below the screen remains completely filled at all 
times. 


After drainage, the oil was pumped via the screen into the 
burette using a variable speed syringe pump as illustrated in 
Figure 1(c), until oil appeared at the top of the bead pack. Cap- 
illary number was varied by changing the injection rate. The Bond 
number was varied by changing particle radius (see Table 1). In 
studies of the effect of dip on trapping, the burette was set at 
an angle, Og, with the horizontal as shown in Figure (dh) ee the 
amount of trapped nonwetting phase which remained within the pack- 
ing was determined by weighing. Flow rate and pressure drop mea- 
surements were also made using the apparatus configuration shown 
in Figure l(a) in order to determine permeabilities in the presence 
of trapped fluids. 


RESULTS 


Permeability measurements: Relative permeabilities to the 
wetting phase at and below residual saturation values are presented 
in Table 2 and Figure 2. All of the end point values for five 
sizes of sphere were in the range of 0.6 to 0.65, the average value 
being 0.63 with a standard deviation of 0.02. The average residual 
saturation obtained at low capillary number was 14.25% with a 
standard deviation of 0.25%. Previously reported wetting phase 
relative permeability data (7) for sphere packings are included in 
Figure 2. The end point relative permeability for these results 
is lower than that obtained in the present work, being 0.45 at a 
saturation of 16.5%. Even though the end point relative permeabil- 
ities are not in close agreement with the previously reported value, 
it is clear that relative permeability at reduced residuals obtained 
by prevention of trapping should not be predicted by simply extrap- 
olating the conventional relative permeability curve to 1.0 at 100% 
phase saturation. It should also be noted that permeabilities, ob- 
tained when residuals are reduced by change in entrapment mechanism, 
do not necessarily correspond to those given when residual satura- 
tions are decreased by mobilization of trapped fluid. 


Effect of bond number and capillary number on trapping: 
Results for the effect of gravity and viscous forces on trapping 


are given in Table 1 and are shown in Figure 3 as plots of residual 
saturation versus inverse Bond number with capillary number as 
parameter. For the type of system under study, it is estimated 
that no trapping will occur if the inverse Bond number is less 

than about 3. When the inverse Bond number is greater than about 
200, buoyancy forces have no effect on the amount of trapped re- 
sidual nonwetting phase saturation, and residual saturation depends 
only on the capillary number. Above the critical capillary number 
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Table 2. Relative permeabilities at reduced residual saturations 


1S Relative Relative 
Sie Permeability Permeability 
Run No. 1 Run No. 1 
OY 0.882 
6.14 0.841 
8.51 0.768 
IZ. 0.684 
13}. 95s 0.656 
Run No. 2 
Le) 0.963 
DSi] 0.928 
4.24 0.874 
5.94 0.790 
Sirs 0.726 
12 5 Ale 0.655 
14.14 0.627 
Run No. 1 
dks 0.704 
Wk YS 0.671 
13593 0.649 
Run No. 2 Run No. 1 
oS On9Z6 OSS 
3.40 0.904 - 28 
6.66 0.806 -88 
Seow Ne PLP -06 
12 AUS 0.648 
14.59 OR6Z3 
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Fig. 2. Relative permeability to the wetting phase at less than 
normal nonwetting phase residual saturations. (Detailed 
results given in Table 2.) 


and Bond number for trapping, the residual saturation depends on 
the combined effect of viscous and gravity forces. The plot in 
Figure 4 shows percent residual saturation versus capillary number, 
with inverse Bond number greater than 200; at capillary numbers of 
about 107© and lower, the trapping mechanism is dominated by cap- 
illary forces and the residual saturation is constant. 


Correlation of combined effect of gravity and viscous forces: 


Attention was next turned to correlating the combined effect of 
gravity and viscous forces. The results presented in Figure 3 were 
used to obtain the plot shown in Figure 5 of capillary number 
versus Bond number at given residual saturations. The straight 
line relationships show that a given saturation can be achieved 

for a complete range of linear combinations of Bond and capillary 
numbers. Furthermore, each line in Figure 5 is parallel to any 
other line given by different choice of saturation. Thus, residual 
saturation can be correlated by simple linear combination of Bond 
number and capillary number as shown in Figure 6. If the capillary 
and Bond numbers of the system are given, the amount of nonwetting 
phase that is trapped can be predicted for any combination of these 
two numbers. 
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Fig. 3. Trapped residual saturation versus inverse Bond number 
for a range of capillary numbers. 
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Fig. 4. Effect of capillary number on trapping of residual satu- 
ration at Bond numbers greater than 0.00667. 
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Fig. 5. Plots of capillary number versus Bond number with percent 
trapped residual saturation as parameter. 


Residual saturations at various Bond numbers were also mea- 
sured using water as the wetting phase and air as the nonwetting 
phase. The relationships between residual saturation and Bond 
number were in good agreement with those obtained by using air and 
oil. A comparison is presented in Figure 7. Recently, similar 
relationships have also been obtained using aqueous and oleic 
liquid pairs. 


Effect of dip angle on trapping: All of the experiments de- 
scribed so far were for vertical displacement with the more dense 
(wetting) fluid advancing upwards. When results are sensitive to 
Bond number, it is reasonable to expect that the amount of trap- 
ping will decrease if the angle of dip, Og, measured from the 
horizontal is increased. Results for the effect of dip angle are 
presented in Table 3. They are plotted in Figure 8 as residual 
saturation versus Bond number with dip angle as parameter. 


When a modified Bond number, Np sind,, was used to allow for 
the effect of dip angle, the reduction in residual saturation 
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Fig. 8. Effect of Bond number on trapping of residual saturation 
at different dip angles (vu/o = 2.82 x 10-6). 


always tended to be higher than predicted from measurements ob-— 
tained for vertical displacement. Results are plotted in Figure 
9 as residual saturation versus (1/Npsinag). 


The results for trapping at low capillary and Bond numbers 
presented in the last two columns of Table 3 were obtained as a 
check against the possibility that the measured effect of dip angle 
might be an artifact of the experiment. It is seen that when cap- 
illary number and Bond number are well below their critical values 
so that displacement is dominated by capillary forces, residual 
Saturations are essentially independent of dip angle. 


Mobilization of trapped nonwetting phase: Laboratory studies 
show that trapped residual oil can be recovered if the pressure 
difference due to viscous flow is sufficient to overcome capillary 
forces so that trapped blobs, or at least parts of blobs, are 
mobilized (2-4). If the ratio of viscous to capillary forces is 
raised sufficiently, almost complete recovery of residual oil can 
be achieved. For packs of very coarse sand, Leverett (8) reported 
data which showed indications of slightly improved recovery effi- 
ciency for_capillary numbers (in this case, of the form uv/od) as 
low as 10 ~. In the present work, some of the systems in which 
trapping was measured were later subjected to high flow rate in 
an attempt to measure the capillary number required for mobiliza- 
tion of trapped nonwetting phase so that results could be compared 
with capillary numbers for trapping. 
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The amount of injected fluid (number of pore volumes) was 
found to have significant effect on the residual saturation (see 
Figure 10). It was apparent that in these experiments, results 
were strongly influenced by gas passing into solution because of 
the pressure gradient in the column. During the experiment, the 
residual gas appeared to develop a shock front. Behind the front, 
the gas saturation was very low. Ahead of the front, the gas satu- 
ration appeared to be uniform and at least as high as the normal 
residual values. Consideration of pressure gradients and gas 
solubilities shows that solution effects can account for the ob- 
served results. The severe solution effects encountered in an 
attempt to mobilize trapped gas by increasing the capillary number 
are in distinct contrast to trapping behavior where solution ef- 
fects proved to be insignificant. For example, in the experiments 
on trapping saturations appeared uniform throughout the column and 
relative permeabilities at reduced residual saturations were in- 
dependent of time and flow rate. 


The observed solution effects present a distinct limitation 
of using gas-oil systems to model mobilization in completely wetted 
oil-water systems. However, the mobilization results obtained do 
at least provide a lower limit to the capillary number required for 
mobilizing residual fluid. The residual saturation remaining after 
injection of one pore volume was used to estimate a lower bound for 
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Fig. 10. Effect of amount of injected fluid on reduced residual 
saturation at various capillary numbers. 


the capillary number relationship for mobilization of residuals in 
sphere packs. 


Oil recovery from a swept region can be expressed in terms of 
the ratio of oil removed to that originally in place (3). This 


ratio is the microscopic displacement efficiency, E,, defined for 


normal nonwetting phase residual saturations, Snwr? 28 
acu 3 es 
E = 6a 
m =Se = 
wi 


where Si is the initial wetting phase saturation. When a reduced 
residual saturation, S,,, is achieved, Eas defined as 


Le (6b) 


Results for reduction of residuals after one pore volume injection 
are plotted in Figure 11 as E, versus capillary number. Previously 
reported typical capillary number relationships for trapping of 
residuals in rocks of narrow and wide pore size distributions are 
included in Figure 11. 
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Fig. 11. Plots of microscopic displacement efficiency versus cap- 
illary number [vu/¢o]. 


DISCUSSION 


Mechanism of trapping: The results obtained for the effect 
of Bond number on residual saturation provide insight into the 
mechanism by which trapping occurs and how it can be avoided. 
Obviously, if the ratio of gravity to capillary forces is very 
high, for example, a trough containing bowling balls in which air 
is displaced by water, the interface will be essentially plane and 
no trapping will occur. However, for the range of Bond numbers of 
0.006 to 0.35 over which residual saturation is reduced, the small 
changes of interface curvature that would occur are apparent from 
the profiles (9) shown in Figure 12 for Bond numbers of 0, 1, 10, 
1000. Local changes in interface shape within individual pores 
will be small and are not likely to account for the large changes 
in residual saturation that were measured. It is believed that 
reduction in residual saturation is due to change in imbibition 
mechanism caused by small hydrostatic pressure differences. When 
capillary forces are dominant (No < L078 Np < 0.0067), potential 
blobs become isolated once an imbibition event occurs whereby the 
blob separates from the main body of continuous fluid as illus- 
trated in Figure 13. Each blob will have a number of pore openings 
across which an imbibition capillary pressure is maintained. With 
increase in Bond number, the tendency for imbibition to occur into 
the lower region of the blob before the upper region is increased 
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Fig. 12. Interface profile at various Bond numbers (based on tube 
radius, ©)) Patter Concus: (©) - 


because the hydrostatic pressure between the regions is increased. 
If the supplementary hydrostatic pressure is sufficient to cause 
imbibition into the lower region first, the potential blob is re- 
covered. A similar mechanism can be expected to apply to reduction 
of residual saturation by viscous forces except that the required 
supplement in pressure at the trailing edge of the potential blob 
is provided by the viscous pressure gradient. The correlation 
obtained, between residual saturation and a linear combination of 
Bond number and capillary number, demonstrates that the effects of 
viscous and gravity forces on supplementation of imbibition pres- 
sure are additive for vertical displacement, and points to the 
equivalence of the effect of gravity and viscous forces on the 
trapping mechanism. It may be noted that the proposed mechanism 
is distinct from pore doublet theory (1) which predicts that both 
the location and, consequently, the magnitude of trapped residual 
oil changes with viscous pressure gradient. For the proposed 
mechanism, the space occupied by reduced residual oil saturations 
will, in general, be a sub-set of the space occupied by residual 
oil under conditions where capillary forces are dominant. 


When displacement was carried out with the packing set at 
various dip angles, Og, the reduction in trapping was distinctly 
greater than that predicted by resolving gravity according to the 
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Fig. 13. Illustration of change in trapping mechanism caused by 
hydrostatic contribution to imbibition capillary pressure. 


angle of dip. This is believed to reflect the influence of the 
three dimensional structure of a potential blob. On a microscopic 
scale, gravity can supplement imbibition pressures because of local 
vertical height of the potential blob and this can be sufficient 

to cause reduction in trapping. 


Magnitude of supplemental imbibition pressures: Raimondi and 


Torcaso (10) showed that entrapment of nonwetting phase tends to 
occur as the invading wetting phase approaches high saturations. 
From capillary pressure measurements for sphere packings (11), the 
imbibition pressure at 70%4 wetting phase saturation is given by: 


3.90 (7) 


Preliminary estimates based on an examination of blobs formed in 
sphere packings indicate that when residual saturation is reduced 
to one-half of its normal value of about 14%, the larger blobs 
will tend to be decreased in size and potential blobs will have 
maximum lengths of about 7R. The supplementary hydrostatic pres- 
sure, AP,, which develops within a potential blob of this length 
is given by: 


AP_ = 7ApgR (8) 
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Thus, the ratio of the supplementary pressure to imbibition pres— 
sure can be expressed in terms of the Bond number as 


AP, _ 1. 8ApgR” es 
be Oo 
imb 


From the experimental results given in Figure 5, the Bond number 
for 50% reduction in trapping is 0.08, which gives: 


AP 
Ss 
Rs 


= 0.14 (10) 


Thus, if the imbibition pressure at the trailing edge of a poten- 
tial blob is supplemented by 1/7 of the average imbibition pressure, 
entrapment is halved. 


Comparison of entrapment and mobilization: The foregoing 


result can be used to provide a comparison of the conditions re- 
quired for prevention of entrapment with those required for mobi- 
lization of trapped liquid. Movement of a trapped blob involves 
drainage at the leading edge of the blob and imbibition at the 
rear (see Figure 14). For a completely wetted random sphere pack, 
the pressure drop required for mobilization, AP,,, is given by the 
difference between drainage and imbibition displacement pressures 
(3,12,13). At 70% water saturation, these pressures are 6.70/R 
and 3.90/R, giving a value for AP, of 2.80/R. The value of AP. is: 


za ws 
AP. = 0.546 5 (11) 


Hence, the-ratio of AP _. Eo APs LowOe2ee une conelusdoOneenatmiatms 
about 5 times more difficult to mobilize entrapped fluid than to 
prevent entrapment is in fair agreement with the experimental 
results presented in Figure 11. With respect to interpretation 

of experimental results, it would seem reasonable to expect that 
the correct relationship for mobilization of residuals in sphere 
packs will lie somewhere between the sphere pack results, which, 
because of solution effects represent a lower limit, and the curve 
obtained for rocks of narrow pore size distribution. 


Relative permeability at the flood front: Capillary number 


relationships are often expressed in terms of pressure gradient, 
AP/L, where AP is the pressure drop over a core of length L. Reed 
and Healy (14) point out that capillary number relationships should 
be based on the pressure gradient and effective permeability to 

the displacing phase at the flood front. Because the hydrostatic 
pressure gradient is constant, the equivalence of hydrostatic and 
viscous pressure gradients obtained in the present work indicates 
that the viscous pressure gradient at the flood front is close to 
constant. This leads to a method of estimating the relative 
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Fig. 14. Conditions required for (a) mobilization of a trapped 
blob, (b) prevention of entrapment of a potential blob. 


permeability of the wetting phase at the flood front, k,¢. It is 
convenient to relate kj, to the fraction, Fy, of the normal resid- 
ual nonwetting phase saturation, S that is displaced. Fy is 
defined as: ; 


nwr? 
t= SSS (12) 


It has been shown that for a given reduction in residual satura- 
tion, achieved at a given capillary number, there is a correspond- 
ing Bond number which will give the same reduction. At low capil- 
lary numbers, recovery is determined by the interplay of gravity 
and capillary forces, and the displacement process is rate indepen- 
dent. For vertical displacement, the pressure gradient through 

the flood front (AP/L), is then given by 


ie 
ee ="ps (13) 
Application of Darcy's Law to the flood front gives 
ke Bk 
wt AP 
Bear ee 7) 
This relationship can be written as: 
von kog 
ee tee a) (15a) 
or from Equations (4) and (5), 
Noa = 0.00317k Oe (15b) 


Values of N and N 9, for given reductions in residual 
saturations and calculated values of k,-¢ are presented in Table 4. 
A plot of kjs vs. Fg is shown in Figure 15 together with relative 
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permeabilities determined at reduced residual saturation (see Table 
2 and Figure 2), which pertain to flow conditions behind the flood 
front. The reduced relative permeability at the flood front arises 
because of interference to flow caused by commingled fingers of dis- 
placing and displaced fluids in this region. The ratio of the 
relative permeability behind the flood front to that at the flood 
front is inversely proportional to the ratios of the corresponding 
pressure gradients. A-flot of the ratio given by the pressure 
gradient at the flood front to that behind the front versus the 
fraction of normal residual nonwetting phase displaced is included 
in Figure 15. The pressure gradient ratio is seen to decrease 
sharply with initial increase in recovery, but then remains close 
to constant for a wide range of further increased recovery. 


Comparative effects of viscous and gravity forces: At ordinary 


waterflood conditions, capillary number is about 10-7. This cor- 
responds to a flow rate of about 1 ft/day for water of one centi- 
poise viscosity and an oil-water interfacial tension of 30 dyne/cm. 
The capillary number for 50% reduction of residual saturations in 
sphere packings is close to 10-4 (Figure 4), and would require 
that interfacial tension be reduced to 0.3 dyne/cm for the above 
flow rate and viscosity. For vertical displacement at very low 
capillary numbers, the Bond number at which saturation is reduced 
50% by buoyancy forces is about 0.08. If the fluid density dif- 
ference is 0.2, the sphere radius of the packings would be 35 
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Fig. 15. Relative permeabilities of wetting phase and ratio of 
pressure gradient at and behind the flood front vs. 
fraction of residual nonwetting phase displaced. 
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microns with corresponding pore radii of about 10 microns. Although 
the permeability (about 4 Darcys) and porosity (about 38%) are high 
relative to most reservoir rocks, the pore radius of 10 microns is 
of the same order as that for good producing zones. With respect 

to the present discussion, pore size is the more relevant parameter. 
Results for the effect of dip angle (Figure 8) indicate that even 
for horizontal displacement, buoyancy forces can have a favorable 
effect on recovery. It follows that in any low tension displace- 
ment, the influence of buoyancy forces on the displacement mechanism 
may well be significant. 


CONCLUSIONS 


1. Rate independent variation in residual nonwetting phase satura- 
tion in bead packs can be achieved by varying Bond number (ratio 
of gravity to capillary forces) over the range 0.00667, below 
which there is no effect on trapping, to 0.35, above which 
there is no trapping. 


2. Decrease in residual saturation is ascribed to changes in micro- 
scopic displacement caused by differences in hydrostatic pres- 
sure; local changes in surface curvature over the above range 
of Bond number are small and are not likely to have significant 
effect on the displacement mechanism. 


3. Trapping is sensitive to capillary number (ratio of viscous to 
capillary forces) over the range from 10-6, below which there 
is no effect on trapping, to 10 ~, at which there is no trap- 
ping. 


4. The amount of trapped nonwetting phase can be correlated with 
a linear combination of capillary number and Bond number which 
accounts for the combined effect of gravity and viscous forces 
on trapping. 


5. The space occupied by reduced residual oil saturations will 
generally be a sub-set of the space occupied by the normal 
residual saturation. 


6. Prevention of trapping is about 5 times easier than mobiliza- 
tion of residual fluid once it has become trapped. 


7. The effect of buoyancy forces on prevention of trapping with 
change in dip angle is greater than that predicted from results 
for vertical displacement by resolving Bond number according 
to angle of dip. 


8. Relative permeabilities behind the flood front at less than 
normal residual saturations are generally higher than those 
predicted by extrapolating the wetting phase imbibition 
relative permeability curve. 
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9. Relative permeability to the wetting phase at the flood front 
is significantly lower than the relative permeability behind 
thestlood front. 
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DEPENDENCE OF RESIDUAL OIL MOBILIZATION ON WETTING AND ROUGHNESS 
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Petroleum Recovery Institute 
SI Zessustreect, NeW. 
Calgary, Alberta,—CGanada T2L 2A6 


Following a waterflood, the capillary or trapping forces, 
that limit oil displacement from a porous medium, can be overcome 
by reducing interfacial tension (0), by increasing the displacing 
fluid viscosity (u), and by accelerating the flooding velocity (V). 
However, the influence of surface wettability and roughness on the 
mobilization of residual oil is not adequately understood and it 
is to this question that the present work is addressed. Experi- 
ments were performed to quantitatively relate receding and ad- 
vancing contact angles to the surface roughness. Roughness was 
quantified by using a stylus trace of the surface and an integrated 
centre-line-average (CLA) roughness was employed as a correlating 
parameter. 


It was observed that both receding and advancing surface con- 
tact angles generally declined with increasing surface roughness 
and increasing contact angle. This behavior was characteristic of 
composite surfaces formed as the result of incomplete drainage of 
the wetting phase as it receded. 


The prior exposure of test surfaces to the wetting phase that 
produced the composite surface effect would be consistent with the 
saturation history that is normally imposed on porous media during 
two-phase displacement studies. Consequently, composite surfaces 
may indeed occur in porous media. 


Mobilization of single ganglia within a regular geometric 
pack was studied experimentally. The mobilization process was ob- 
served to involve expansion and movement of the leading surface 
through a pore throat and a corresponding movement of the trailing 
surface as displacement into a downstream pore occurred. The 
necessary pressure gradients required to induce mobilization would 
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be proportional to the difference between reciprocal radii of 
curvature that exist at the leading and trailing surfaces of a 
Seo, Ip Se 


AP = 20 (> - =) 


where Gi is the radius of curvature of the leading surface, rq is 
the radius of curvature of the trailing surface, and ois the in- 
terfacial tension. For given regular geometries, and by employing 
above equation with the experimentally determined contact angle 
behavior, it was possible to predict mobilization pressure drop 
and its dependence on contact angle and surface roughness. Pres-— 
sure drop was not predicted to increase with contact angle, a 
result contrary to studies reported in the literature and from 
experiments performed here with the sphere-pack model. It would 
seem reasonable that, by improving the water wetness of a reservoir 
and thereby decreasing ganglion adhesion through the use of chemi- 
cal additives, increased oil production would result. 


INTRODUCTION 


After the completion of waterflooding of an oil-bearing stra- 
tum, the oil which remains unrecovered is left behind for two 
reasons, both of which would appear to be equally significant. 
Firstly, due to inhomogeneities, portions of the reservoir would 
not have been contacted by the waterflood. This lack of penetra- 
tion can as a result be accounted for by what are known as poor 
sweep efficiencies (1). Secondly, within the swept zones and, if 
sweep efficiencies can be improved in previously unswept zones, 
significant saturations of oil also remain trapped due to ineffi- 
ciencies in the displacement mechanism (2). While it can be con- 
sidered speculative as to whether this latter oil becomes trapped 
as a result of heterogeneities on a more microscopic scale, and/or 
unfavorable levels of capillary forces causing snap-off, it is 
important to examine requirements that are necessary for mobilizing 
and thus recovering this immobilized oil. 


To address this problem, two types of experiments are normally 
envisaged-—displacement studies utilizing reservoir-type porous 
media and fundamental studies aimed at quantifying the relevant 
parameters that incorporate idealized geometries. Both types of 
studies have obvious disadvantages. Results from displacement work 
using porous media can sometimes require high levels of interpreta- 
tion and this can invalidate some of the findings. Examples of 
displacement studies in porous media include those performed by 
Moore and Slobod (3), McCaffery and Bennion (4), Lefebvre du Prey 
(5), Abrams and Taber (7). On the other hand, idealized studies 
such as those of Batycky and Singhal (8), Morrow (9,10), Oh and 
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Slattery (11),"Payatakes et:al. (12), or Ng et/als (13),~an be 
criticized for not adequately reflecting reservoir rock properties 
and the realities associated with fluid movement within porous 
media. However, only when the exact nature of the mobilization 
process is understood can the possibility of new technologies for 
oil recovery be assessed. 


A mathematical model which can predict mobilization of en- 
trapped ganglia under the influence of both gravity and flow has 
been recently developed (8). The work, which was based on suitable 
force balances and included the effects of contact angle, was sup- 
ported by measurements performed using a fluid-fluid-solid system 
and a simple cubic geometry. This model differed from that of Ng 
et al., in that their analysis of "blob" movement was semi-quanti- 
tative for what was assumed to be a uniformly wetted system (13). 
Ganglion mobilization experiments which included various intrinsic 
or smooth surface contact angles were conducted by Morrow, but 
were not quantitatively assessed (9). 

Using the previously developed model, it is possible to pre- 
dict mobilization criteria from knowledge of the surface properties-- 
interfacial tension and contact angles--for a specified geometry. 
Based on theoretical aspects of that study it was confirmed that 
for strongly non-wetting residuals, one suitable criterion for 
correlating mobilization of residual oil was the capillary number 
in the form proposed by Melrose and Brandner (2), i.e., 


_ vy 
ca OO ° (a8) 


a dimensionless quantity which does not depend on rock permeability 
(or equivalently on pore throat size). The parametric dependence 
of oil recovery on pore size distribution was found to be directly 
related to the contrast between pore throat and pore body dimen-— 
sions which are determined by the local packing geometry and the 
degree of cementation. It was also shown that for a given geometry, 
there exists a theoretical maximum in capillary number which en- 
sures complete mobilization of the oil. 


Kinetic surface properties such as interfacial viscosity have 
been suggested as perhaps playing a significant role in mobiliza-— 
tion (14,15). Based on the model it has been possible to assess 
the very minor role which this property can assume in aiding mobi- 
lization of residuals by immiscible displacement. 


One aspect of the model which remained poorly understood and 
which is explored in the present work is that related to inter- 
preting the effects of wettability as reflected by contact angle 
measurements and the related influences which surface texture or 
surface roughness can exert on contact angles. 
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The dependence of mobilization upon two types of surface tex- 
ture were considered in the earlier study. For a smooth surface 
which displayed no hysteresis in contact angle, i.e., 


Sean ene? Ser On (2) 
the maximum force necessary to obtain mobilization within any given 
geometry was shown to decrease with increasing contact angle. On 
the other hand, the effects of type III surface roughness as de- 
fined by Morrow (10) were found to produce modest increases in 

this same mobilization force with increasing contact angle. For 
type III roughness as pictured in Figure 1, unique values of ad- 
vancing and receding contact angle are determined for any value of 
the intrinsic or smooth surface contact angle. Before proposing 
tertiary recovery schemes which may include wettability alteration, 
an attempt to understand these divergent results is essential. 
While type III roughness represented the maximum roughness which 
was attainable inside TFE capillary tubes, the roughness was not 
quantified. There is also no certainty that the results obtained 
from capillary measurements can adequately reflect displacement 
phenomena in even idealized pore geometries. An attempt has there- 
fore been made in the present study to quantify actual surface 
textures. 


MOBILIZATION THEORY 


Macroscopic droplets of oil (the less wetting phase) are con- 
tained within one or more interconnected pore bodies that are 
formed by solid phases of the porous medium. These immobilized 
portions of the oil phase, which can be referred to as ganglia or 
blobs, are surrounded with continuously connected reservoir brine 
(the more wetting phase). At the three-phase contact lines which 
are formed on the solid surfaces where the two immiscible liquids 
meet, the apparent contact angles reflect the relative affinities 
of the three phases for each other, surface textures, surface com- 
positions, and solid surface saturation histories. 


It is assumed that a porous medium can be adequately repre- 
sented by a packing of nearly spherical particles, the radii of 
which can be suitably modified to reflect solid surface buildup 
as a consequence of cementation or surface removal due to dissolu- 
tion, etc. While the geometric configuration of particles is 
random reflecting a distribution of sizes, it suits our purpose 
to consider a single particle size arranged in one configuration. 
The packing arrangement to be emphasized is that described pre- 
viously by Morrow (9)--a cubical array of spheres as shown in 
Figure 2. An entrapped ganglion is then contained in a well- 
defined geometry between the spheres and an overlying plate. For 
the multilobed ganglion pictured, a quantitative analysis has been 


RESIDUAL OIL MOBILIZATION 417 
180 
160 
140 
120 
100 

80 
60 


40 


MEASURED CONTACT ANGLE 


20 


0 
O 20 40 60 80 ‘100 120 140 ‘160 180 


INTRINSIC CONTACT ANGLE, @ (degrees) 


Fig. 1. Type III contact angle hysteresis (10). 
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Fig. 2. A ganglion entrapped in simple geometry. 


performed and it is in agreement with the proposed theory within 
experimental error at low contact angles. Such an analysis would 
not be straightforward when using a random geometry such as that 
employed by Ng et al. (13). In Figure 2, the ganglion occupies 

the pore bodies pictured and is interconnected through adjacent 
pore throats. Depending on the direction of flow or gravity forces 
with respect to the geometry, the ganglion can be made to move 
through any of the pore throats. However, for simplicity it will 
be considered that the forces operate so as to permit movement to 
the left. 
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The entrapped ganglion is considered to be non-wetting or 
rather less wetting than the continuous phase. The contact angle 
is measured through the wetting phase so that at the pore throat 
on the left which the ganglion will enter, the contact angle that 
results is the receding contact angle with respect to the wetting 
phase, 9p, and hence this is the receding surface. At the other 
extremity of the ganglion, there exists and advancing contact 
angle, On> at the advancing surface, again with respect to the 
continuous wetting phase. All surfaces deform in response to the 
imposed pressure gradients. However, the only two which result in 
ganglion movement are the two surfaces which are at the extremities 
with respect to the direction of mobilization. 


Mobilization occurs when the imposed pressure gradient is 
sufficient to cause flow of the ganglion through the array to the 
left. For the geometry given here it was found that regardless of 
the number of lobes on the ganglion, movement of both the receding 
and advancing surfaces occurred simultaneously. By assuming that 
all curvatures are spherical the necessary pressure drop can be 
given by (2), 


Al, itt 
IND = a - =| (3) 


This equation specifies that the mobilization pressure gradient is 
independent of the number of ganglion lobes and is only sensitive 
to the two end surface radii. The range of these curvatures can, 
in turn, be determined by pore size and surface tension. By 
changing the ganglion volume it is possible to obtain a maximum 

in mobilization pressure which corresponds to the minimum receding 
radius at the pore throat, Con) aia and a maximum advancing radius 
within the pore body, CPig) ate For any ganglion size, as indi- 
cated by the number of lobes, 


il iL 
AP = 20|————_ - ao (4) 
pra (rE) min Cre ee 


By assuming spherical geometry it is possible, knowing the 
solid surface contact angles to determine suitable radii of cur- 
vature, i.e. 


; 2. Eh. 
sin €v¥cos 0, sin E+ 2cos0, cos0, + 1- cos0, sin’ - cos6, 


sin € - cos 0 
2 (5) 
The angle € from the horizontal, centered at the point where two 
spheres contact each other, permits determination of the center 
of the radius of curvature of any surface being considered. 
Limits on € correspond to limits on the radii of curvature. 
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Within the pore throat at e€ = 7/2, 


VE) 
cos 05 + 2cos0, cos0., + 1 —- cos8, - cos? 


il 2 


(6a) 
sin 0. 


and in the pore body, 


Wcos®, + cos®,)* + 2sin“0, - cos8, - cosé 


re Ene ent Ae ee eS ee 


(x 
gin-6 
2, 
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For the geometry pictured in Figure 2, 04 is the contact angle 
occurring on a sphere surface and 05 is the contact angle at the 
overlying plate. When 05 = 1/2, the geometry becomes a simple 
cubic packing of spheres. The values of 6, and 85 applied in 
equation (6) must reflect contact angle hysteresis and the direc- 
tion of three-phase line movement. 


The pressure drop that acts to deform and possibly mobilize 
an entrapped ganglion does so across planes that are located 
within each surface and which are aligned perpendicularly to the 
direction of movement which the locus of each center of curvature 
follows. These planes, called characteristic planes, are located 
with respect to each origin of the radius of curvature and the 
angle 0,, the characteristic angle; as in Figure 3. The receding 
surface angle is given by OuR and that for the advancing surface 
is Oke When there is no contact angle hysteresis, the two angles 
are equal. For a hemisphere in a uniform velocity field 6, = 30°. 
The applied pressure drop must operate across these panes which 
are separated by the characteristic length. At the maximum mobi- 
lization condition, this would be: 


Ih, = (Ge yes sind. + (r aoe sind, + (2n-1)R @) 


where n is the number of ganglion lobes. The pressure drop re- 
quirement which is specified by interfacial tension, surface com- 
position, geometry, and sphere radius in equation (3) can be 
obtained from viscous and buoyancy forces but is reduced by the 
energy dissipation necessary to maintain internal circulation, 
abate 


AP = AP, eo Beak ap AP, = AP. (8) 


V 
For the maximum pressure drop, as specified by the geometry of 
the ganglion ends, i.e., AP re = AP, the hydrostatic pressure 
drop (as measured normal to the flow direction) is evaluated by: 
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(a) General ganglion. gee 


(b) Receding surface. (c) Advancing surface. 


Fig. 3. Force balanced schematic 
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The term representing the distortion in velocity profile due to the 
presence of the ganglion between the extremities and the character- 
istic planes is added in equation (8) and is given by: 


(9a) 


ee (1-sin® .,)C, 2u + Ce ek 
vee 2 Sie a> (Ges), One 
(23) ain cos © Rp Aa R R’ min 
(1-sin@ .,)C, 2u + Say aor 
ab 2 Sie <b) 
(owes cos 82a k A’ max 


The hydrostatic pressure drop due to the presence of gravity forces 
1S 6 


aE = pg[L. sin a + Cee cos0,, - Ca cos6,.} cos a](9c) 


where Q represents the inclination of a layer of spheres from the 
horizontal. For the experimental situation to be included here, 
the ganglion fluid was considered inviscid (air), hence no descrip- 
tion of AP; was pursued and it was taken to be zero. 
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SURFACE ROUGHNESS AND CONTACT ANGLE 


The relative affinity of two immiscible liquids for a solid 
surface at the three-phase contact line is given for a clean, 
smooth, flat plate by Young's Equation (16) as, 


ba sb 


oO cosé = of 2 ~ o (10) 
Because of the inherent restrictions imposed, this expression is 
rarely representative of actual behavior. Instead, a range of 
contact angle behavior is possible and hysteresis in the measured 
contact angle occurs depending on whether the three phase line has 
advanced or receded with respect to the phase through which 6 is 
measured. 


Hysteresis in static contact angle arises because of the 
presence of surface roughness and surface impurities or hetero- 
geneities. A useful model consisting of sinusoidally-shaped con- 
centric grooves on a flat surface has been used to account for 
observed hysteresis behavior (17). Chemical heterogeneity can also 
be accommodated by considering concentric rings of different mate- 
rials. Both heterogeneity and surface roughness are normally con- 
sidered to be important causes of hysteresis when considering the 
surface textures and minerology of porous media (18,19). 


In considering a roughness model which is composed of concen- 
tric rings (17) or other shapes -(20), it is assumed that the local 
contact angle is in fact the intrinsic contact angle that would be 
measurable on a smooth surface. Deviation in the observed value 
is then a result of variation in the angle that is formed by the 
undulating surface on a microscopic scale and the plane of the 
surface when viewed macroscopically. The model proposed by Johnson 
and Dettre (17), who used spherical bubbles, accounted for the 
movement of the three-phase contact line during increases or de- 
creases in drop volume. They postulated that the preferred con- 
figurations were those that were stable or metastable according 
to the evidence of minima or plateaus in the Helmholtz free energy. 
In the Johnson and Dettre model, the radius of curvature of the 
droplet was taken to be much greater than the distance between the 
sinusoidal peaks representing roughness. Wenzel's roughness ratio, 
defined by 


rk observed ’ 


was in turn related to the ratio of peak height to peak frequency 
for the hypothetical surface. It was determined that for a simple 
surface, deviation of both receding and advancing contact angles 
from the intrinsic angle increased initially with surface roughness 
as in Figure 4. 
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Subsequent increases in roughness were shown to favor the 
formation of composite surfaces and are indicated in Figure 4 to 
start forming at a roughness near that which corresponds to the 
maximum in advancing surface contact angle. Composite surfaces are 
created when the more wetting phase does not totally drain from 
the surface region occupied by the less wetting phase and thus 
occupies recesses present on the roughened surface. The formation 
of these types of surfaces is favored by the occurrence of lower 
free energy minima than would be possible with a simple surface. 
Also, depending on the saturation history of the surface, the non- 
draining wetting phase can itself trap elements of non-wetting 
fluid. The behavior pictured in Figure 4 illustrates composite 
surface formation as reported experimentally by Dettre and Johnson 
(21) and by Bartell and Shepard (22). 


As mentioned earlier, work illustrating the dependence of con- 
tact angle hysteresis on roughness has also been performed by Morrow 
(10). Measurements were performed using capillary rise experiments 
in TFE tubes which had been roughened internally by rolling the 
tubes while they were filled with various mesh sizes of crushed 
dolomite. The range of roughness extended from smooth (Type I), 
through slightly roughened (Type II), to a maximum roughness (Type 
III) which resulted in the hysteresis pictured in Figure 1. No 
differences in hysteresis were perceived by increasing the grit 
size from 60-80 mesh up to 20-32 mesh. There was also no evidence 
of composite surface formation when compared with the advancing 
surface behavior pictured in Figure 4. This would be reasonable 
if the experimental procedure involved starting with a zero initial 
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Fig. 4. Dependence of contact angle on surface roughness when 
composite surfaces occur. 
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wetting-phase saturation. Then there would be little possibility 
of trapping non-draining residuals which are required for composite 
surface formation. Consequently it would seem that, in theory, a 
range of behavior is possible depending on another aspect of satu- 
ration history, i.e., the duration permitted for wetting phase 
contact and wetting phase removal. Work to be reported here re- 
presents an attempt to relate the contact angle hysteresis to a 
semi-quantitative measureof surface roughness and then to explain 
the mobilization experiments. In order to better mirror the res- 
ervoir situation, experiments are to be conducted slowly and as 
near equilibrium conditions as is practical. 


EXPERIMENTAL 


Three types of experiments were performed at room temperature 
(21° + 1°C). They included mobilization of entrapped ganglia con- 
tained within the cubic array as in Figure 1, measurement of contact 
angle hysteresis behavior using both flat plates and spheres, and 
a determination of surface roughness for spheres and plates. In 
all studies, air formed the entrapped or bubble phase and one of 
two liquids, a mineral oil (Oil) or ethylene glycol (ETG), with 
properties as listed in Table 1, were used as continuous phases. 
The three solid surfaces employed allowed coverage of a range of 
contact angles from near 0° to greater than 90°. These low energy 
surfaces included polytetrafluoroethylene (TFE), acrylic, and nylon 
with majority of work being performed with the first two. 


+ 
Table 1. Physical Properties of the Fluids Employed 


Density Viscosity Surface Tension 
(g/cm3) (mPa*s) (mN/m) 
L7TS9 30.6 
-- 46.4 


+ Room Temperature: 21+1°C 
* Kaydol (White Mineral Oil) - Witco Chemical 
*k Ethylene Glycol (certified) - Fisher Scientific Company 
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Surface tension measurements reported in Table 1 were per- 
formed using a du Nouy ring tensiometer. They include appropriate 
corrections for surface deformation (23). Cleaning of the surfaces 
was accomplished with alternate washings of isopropanol and metha- 
nol. ' 


Contact angle measurements: Contact angle measurements were 
performed using a sessile drop apparatus. Buoyant bubbles were 
formed on the underside of the prepared plates or spheres as shown 
in Figure 5. The air was introduced from a syringe through a hole 
drilled in the surface being studied. The measurements which were 
recorded, also indicated in Figure 5, included the height, H, the 
major diameter, D,, and the base diameter, D,. These data were 
obtained using a Wild M5 stereomicroscope that could be fitted 
with both a filar micrometer eyepiece and either a polaroid or 
35 mm SLR camera. The best reproducibility and sensitivity was 
obtained using the micrometer eyepiece since the resolution was 
superior to that obtainable on either the negatives or positives 
produced using the cameras. The results presented for contact 
angles of less than 90° were obtained using the eyepiece measure- 
ments. 


Contact angle and interfacial tension measurements were deter-—- 
mined with the aid of a computer program. The program, developed 
by E. Lefebvre du Prey iteratively solves the Bashforth-Adams equa- 
tion matching the three dimensions indicated in Figure 5. Sensi- 
tivity studies were performed using both low interfacial tension 
(0.058 mN/m) and high interfacial tension (43.5 mN/m) systems to 
determine the necessary measurement precision and to obtain esti- 
mates of the errors associated with both interfacial tension and 
contact angle. These results are summarized in Table 2. For the 
high tension measurements it can be seen that the highest level of 
precision is required in the measurement of D, and also that the 
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Fig. 5. Sessile drop measurement 
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Table 2. Sensitivity of the Sessile Drop Measurement 
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1. High Interfacial Tension Measurements 


Perturbation 


in De 


Perturbation 
ey oD) 
m 


Perturbation 
sua ipl 


Reference 
Condition 


ariables 


ZO 2210) 7/ agowiy S) 
(20.62) (24.52) ley) 
25 ORI) a kee EO 


2. Low Interfacial Tension Measurements 
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contact angle results are relatively insensitive to measurement 
errors when compared to the sensitivity of the surface tensions. 
In the contact angle results that are to be presented later the 
interfacial tensions which were also measured independently were 
used to infer the accuracy of the contact angle results. With the 
low interfacial tension system it can be seen that the dependence 
on the measurement precision of 6 is much lower and that of 9 is 
higher than was the case for the high tension system. Consequently, 
the errors in 0 and 0 appear to be in the same range. It should 
also be emphasized that the use of this method of analysis for 
determining contact angle is more reproducible and hence superior 
to our attempts at measuring contact angles visually. 


In measuring hysteresis, two techniques for approaching the 
maximum and minimum contact angles were attempted. Once a bubble 
was formed on a plate it could be expanded or contracted until the 
base moved and measurements could be taken. Alternatively the 
bubble volume could be slowly increased or decreased and measure- 
ments taken until movement occurred. Both methods produced similar 
results but, when differences occurred, the greater level of hys- 
teresis was associated with the latter procedure, owing probably 
to the duration necessary to complete the movement of the wetting 
phase along the solid surface. 


A mild dependence of contact angle on bubble volume was dis-— 
cernible for volumes of less than 0.07 cm? perhaps due to the 
relative size of surface texture inhomogeneities. However, by 
constantly forming and measuring the dimension of bubbles from 
OPI TOROS cm, no such effect could be detected. 


Roughened surfaces: Surfaces with a range of textures were 
prepared by roughening them with various grades of sanding papers 
using grit sizes extending from 600 up to 320 mesh. Since it was 
not possible to purchase sufficiently smooth TFE sheet, polishing 
was necessary to obtain surfaces with low levels of roughness. A 
circular motion was imparted to all roughening (and polishing) 
operations so that unidirectional lines that could influence inter- 
pretation of the results would be minimized. Polishing was per- 
formed either by rubbing the required surface against a glass 
slide or by extruding the TFE against a suitable template. At- 
tempts at melting the TFE in an oven between glass surfaces were 
fruitless. 


There are many techniques available to aid in the quantifica- 
tion of surface roughness. The method chosen for use here was 
that of a tracing stylus instrument for which the operation is 
straightforward. Attendant disadvantages are related to the pos- 
sibility of leaving a permanent impression on the sample and the 
lack of resolution associated with the stylus size. 
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The instrument used was a Rank Organization Talysurf 4 which 
embodies a diamond stylus of 2.5 um diameter that exerts a normal 
force of 100 mg (25). Various traverse distances could be employed 
to produce a recording of the surface. Quantification in the form 
of center-line-average (CLA), roughness which is a standard measure 
of surface texture (ASA B46:1955), could be obtained. 


For the surface roughfiess measurements that were performed 
using flat plates, the CLA value of roughness is reported. This 
measurement does not reflect the horizontal spacing of the surface 
irregularities but it does divide the scan into segments and for 
each it electronically obtains averages for each linearized sample 
as illustrated by the shaded portions of Figure 6(a). The CLA value 
reported is then the average of all samples which for a selected 
sample length of 0.25 mm would involve 7 samples. The CLA values 
obtained for the spheres were determined by superimposing a spheri- 
cal pattern on the recorded traces and manually determining the 
CLA roughness. The reported roughness levels represent an average 
of scanning results obtained for mutually perpendicular directions. 
In checking to see if there was a change in surface texture because 
of the tracing operation it was found that at least the hysteresis 
behavior did not change so that further contact angle measurements 
could, if necessary, be performed. 


Mobilization experiments: Bubbles of various specified volumes 
were introduced to the liquid-filled cubic array of spheres using 
a gas-tight syringe inserted through a hole in the side of the cell. 
An injected bubble was permitted to rise so that it occupied the 
pore volume immediately below the upper cell surface. This surface 
was always perspex regardless of the sphere material employed. In 
order that the continuum fluids could be given time to drain from 
the surfaces, a bubble was allowed to sit statically for 15 to 20 
minutes. The mobilization forces were then imposed either by 
tipping the cell or by causing the continuum fluid to flow so that 
the bubble would deform in response to the forces. The forces 
were applied in a stepwise manner every 30 seconds. It was found 
that the results produced with this time interval were very similar 
to those using longer times but that the kinetics of fluid movement 
were noticeable when the size of a time step was lowered to 15 
seconds. This would agree with the experience obtained during con- 
tact angle measurements. The step size used during buoyancy mobi- 
lization for example was 1° for high angles (> 45°) and 1/2° for 
low inclinations. The reader is referred to the previous study 
for further discussion of this experimental procedure (8). 


RESULTS AND OBSERVATIONS OF CONTACT ANGLE HYSTERESIS 


Figures 6(b) to 6(e) illustrate profiles typical of those 
recorded using the Talysurf instrument. While the size of the 
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hemispherically-shaped stylus reduces the resolution that can be 
obtained, the instrument provides an excellent response to various 
levels of roughness thus enabling a comparison of various textures. 
The smoothest surface used, Al in Figure 6(c), had a glossy surface 
that was easily able to reflect images. The smooth TFE surface, Tl 
in Figure 6(b), could also be described as shiny but it was less so 
than that of Al. The well-roughened surfaces represented by Figures 
6(d) and 6(e) did not, on the other hand, provide any discernible 
reflection when viewed in a lighted laboratory environment. 


CLA roughness values are reported in Table 3 for the various 
flat surfaces employed for contact angle measurement. The reported 
CLA values represent averages that were determined electronically 
by the instrument from a number of scans. Included in Table 4 are 
CLA's obtained manually for the three types of spheres used in the 
mobilization experiments. The averaging process was performed by 
superimposing smooth profiles obtained from steel bearings and 
then calculating the deviation as pictured in Figure 6(a). For 
illustration, Figure 7 shows, respectively, photographs of the 
surfaces of a smooth TFE, a roughened TFE and a smooth nylon sphere. 


(a) SAMPLE 


Fig. 6. Examples of surface texture traces 
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Table 3. Surface Roughness and Contact Angle Hysteresis: Plates 
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0.5 mm 


(a) SMOOTH TFE (b) ROUGHENED TFE 
(CLA roughness = 0.78um) (CLA roughness = 2.40 um) 


7 al 


...—si‘C‘CeOUOUCOCOC—COC_CCONCiCOCizdzUw 0.5 mm 
(c) SMOOTH NYLON (d) ROUGHENED TFE 
(CLA roughness = 0.91pm) (CLA roughness = 2.40um) 


Fig. 7. Photographs of sphere surfaces 


Receding and advancing contact angles were measured for the 
four systems utilized. Four combinations of low surface energy 
solids and two liquids are listed in Table 4. Figure 8 shows the 
receding contact angle behavior as measured for each of the com- 
binations as a function of the CLA surface roughness. The rela- 
tionships pictured are characterized by a decrease in receding 
contact angle with increasing roughness and are qualitatively 
reflected in Figure 4. 


It was possible to extrapolate the curves to low levels of 
roughness in order to obtain estimates of the intrinsic contact 
angle for each of the combinations. The contact angles so deter- 
mined are presented in Table 4 and range from 7° to 90°. The 90° 
determination of intrinsic contact angle for air-ETG-TFE is in 
agreement with the same value obtained by Fox and Zisman (26) who- 
incidentally also experienced difficulties in preparing smooth TFE 
surfaces. 


In Figure 8, for the neutrally-wetted system there is evidence 
of a widening of the range of possible contact angles and the de- 
velopment of a bimodal functionality for the roughest surfaces 
investigated. This behavior could have depended on the surface 
saturation history or on the presence of local surface nonunifor- 
mities and was not pursued. 
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Table 4. Surface Roughness and Contact Angle Hysteresis: Spheres 


CLAS Receding Contact Angle | Advancing Contact Angle 


; Roughness S) °) fo) Iv) 


Sphere 
R R A A 
um (Measured) | (Figure 8) | (Measured) | (Figure 10) 
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“Abbreviations: N - nylon 
T — TFE 
RT - roughened TFE 
A - acrylic (overlying plate) 
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Fig. 8. Effect of surface roughness on receding surface contact 
angle. 


A cross plot of the data from Figure 8 is shown in Figure 9 
illustrating the dependence of receding contact angle on intrinsic 
contact angle for four levels of roughness. For reference there 
is shown a line with a slope of 45° which shows the behavior ex- 
pected for a "perfectly" smooth surface displaying no hysteresis. 
The dashed line represents the contact angle behavior recorded by 
Morrow for type III roughness. The measurements recorded here in- 
dicate that the offset from the 45° line measurable for any surface 
roughness increases with increasing roughness and that as contact 
angle increases, the dependence of the receding angle on intrinsic 
angle becomes parallel with the non-hysteresis line. The line 
representing type III behavior is qualitatively similar to the CLA 
value of 2 um but it also tends, rather than lying parallel to the 
45° line, to show a slope characteristic of simple surface behavior. 
This will be illustrated more fully in Figure 11. 


The dependence of advancing surface contact angle on CLA rough- 
ness is pictured in Figure 10 for the same systems as those used 
for receding angle determinations in Figure 8. For the lower sur- 
face roughnesses, the measured contact angles are higher than the 
intrinsic contact angles and it is likely that these surfaces : 
behave as simple surfaces. As roughness is increased, the contact 
angles decrease--a behavior that is consistent with the formation 
of composite surfaces as shown in Figure 4. For the extremely 
rough surfaces, the advancing contact angle declines due to the 
surface filling with the wetting phase and the angles approach the 
receding surface angles which in turn appear to go to 0°. An ex- 
ception to this description exists for the intermediately wetted 
(Ch 90°) system. Besides displaying the above behavior a wide 
range of contact angles occur and appear to reflect a behavior 
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Fig. 9. Dependence of receding contact angle on intrinsic contact 
angle for various levels of surface roughness. 
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Fig. 10. Effect of surface roughness on advancing surface contact 
angle. 


similar to, but more magnified than, that determined at the re- 
ceding surface. 


Figure 11 represents a cross plot of Figure 10 and shows the 
dependence of advancing contact angle on surface roughness at four 
roughness levels. At low intrinsic contact angles and at low 
levels of roughness the behavior illustrated is parallel to that 
determined by Morrow on a simple surface. As surface roughness 
levels increase and at higher contact angles the dependence of 


434 J. P. BATYCKY 


SURFACE ROUGHNESS 
(CLA VALUE) 


410 / 
Type IL (Morrow ) if 


ADVANCING CONTACT ANGLE, & 


{o} 20 40 60 80 100 
INTRINSIC CONTACT ANGLE, 8 


Fig. 11. Dependencé of advancing surface contact angle on intrin- 
sic contact angle for various levels of surface roughness. 


advancing contact angle on the intrinsic angle begin to parallel 
the 45° datum and also tends to approach the respective receding 
angles as shown in Figure 9. 


In Figure 7(d) is pictured a bubble in the oil continuum sup- 
ported by a roughened TFE sphere. It can be suggested for this 
system, in which the intrinsic contact angle is 60°, that near-zero 
contact angles result from an inability to drain wetting phase from 
the sphere surface and composite surface formation is assured. The 
fluid retained by the surface in this manner illustrates one type 
of microporosity described by Kieke and Hartmann (19). 


The results shown in Figures 8 to 11 appear to be internally 
consistent and reflect a generalized interpretation of contact 
angle hysteresis dependence on contact angle and surface roughness. 
In fact it would appear reasonable to measure contact angle hys- 
teresis and obtain a value of CLA roughness in order to predict 
effects for different wettabilities. It is recognized that CLA 
values do not reflect the roughness frequency but only give devia- 
tion averages. Preliminary indications do show, for example, that 
at lower frequencies, both receding and advancing contact angles 
behave in a manner consistent with lower levels of roughness and 
as long as it is remembered that CLA values are relative, this is 
a useful comparison basis. 
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GANGLIA MOBILIZATION PREDICTIONS 


The next step in the analysis is to predict mobilization re- 
quirements by coupling the theory presented earlier with the con- 
tact angle results of the previous section. The simple cubic 
geometry will be utilized although the results are broadly appli- 
cable to any other geometrical description. Two situations are 
examined. é 


In the first, the situation would correspond in porous media 
to single or multilobed oil globules that had become isolated due 
to bypassing of the drive water in a manner similar to the doublet 
analogy presented by Moore and Slobod (3). Mobilization would be 
characterized by a receding surface at the most downstream pore 
throat and an advancing surface within the pore body at the other 
extremum. Here contact angle behavior would be expected to be 
reflected by the situations presented in Figures 8 to 11 for 
various surface roughnesses. Mobilization maxima, i.e. (RAP/O) wax 
as computed by combining equations (4), (5), and (6) are given in 
Figure 12(a) for CLA surface roughness levels depicted in Figures 
9 and 11. For comparison, when no prior contact with the wetting 
phase has occurred, the behavior indicated as Type III for simple 
surfaces shows increases in mobilization requirements with contact 
angle. 


At low contact angles, hysteresis, due to surface roughness, 
can cause higher pressure drops than those for ideally smooth 
spheres. The higher the level of roughness, the larger this de- 
viation becomes, however this tendency becomes muted by the occur- 
rence of composite surfaces which form at successively lower con- 
tact angles for increasingly rougher surfaces. The net conclusion 
to be drawn from examining Figure 12(a) is that there would be 
peaks in the necessary mobilization force maxima for each of the 
surface roughness levels investigated. Either increases or de- 
creases in the contact angle, away from the values yielding the 
peaks, would result in lesser mobilization force requirements. 


Another scenario would result when considering the mobiliza- 
tion of small ganglia of oil which had become trapped after flow- 
ing temporarily. Stoppage might have occurred due to snap-off or 
the encountering of a reduced pore throat diameter. In either 
case the movement of the ganglion would be characterized by the 
oil phase displacing a previously water-contacted surface and 
wherever the three-phase contact angle occurred it would have to 
have been established by the receding contact angle condition. 
For this reason, ganglion geometry could be defined with both up- 
stream and downstream surfaces being established when the three 
phase contact line was receding. The corresponding mobilization 
force behavior would be, depending on roughness and contact angle, 
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Fig. 12. Dependence of relative maximum mobilization pressure 
drop on contact angle using equation (4) with roughened 
surfaces. 


predicted as in Figure 12(b). In this case, mobilization would 
appear to become easier with increasing contact angle. Also, when 
compared with the results in Figure 12(a), it can be seen that 
once mobilized, a ganglion might remain in motion even as the pore 
throat (or R) decreases in radius. It remains now to explore the 
mobilization behavior obtained experimentally in order to evaluate 
the applicability of the foregoing predictions. It is important 
to note that the predicted results which show decreases in the 
mobilization force with contact angle do not reflect core dis-— 
placement results obtained by Lefebvre du Prey (5). 


GANGLIA MOBILIZATION RESULTS 


Contact angle measurements, as listed in Table 4, were deter- 
mined for three types of spheres--TFE, nylon, and roughened TFE, 
an upper acrylic plate and two fluid pairs of air--oil and air-—- 
ETG. The sphere contact angles to be used in mobilization cal- 
culations correspond to those which were determined using sessile 
drop measurements and the actual spheres. The contact angles 
reported for the acrylic plate were taken from Figures 8 and 10 
for the surface roughness of 0.015 um. For comparison, data ob- 
tained from Figures 8 and 10 for plates with surfaces roughened 
to the same extent as those of the two types of TFE spheres is 
also included. The tendency for both sets of data to reflect a 
lowering of contact angle with increases in roughness indicate 
composite surface formation. Thus, the mobilization behavior 
would be expected to reflect a decline as intrinsic contact angle 
is increased to 90°. 
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Before presenting the ganglia mobilization results it is 
necessary to decide whether the advancing surface is best repre- 
sented by either an advancing or a receding angle in the experiment. 
A ganglion is initially formed by displacing the continuous phase 
and all contacts correspond more closely to a receding rather than 
an advancing three-phase line saturation. For advancing conditions 
to apply, the ganglion phase should have occupied the pore with a 
much larger radius of curvature [as determined from equation 6(b)] 
in order to display a diameter consistent with measured values of 
On. For the largest contact angle system, air-ETG-TFE, in which 
the value of 0p = 57° and 6, = 90°, the corresponding maximum 
advancing surface diameter would be either 0.443 cm or 0.656 cm. 
The maximum diameter that was measured at this maximum mobilization 
condition was about 0.47 cm. Consequently, it is assumed that 
receding contact angles apply and they will be used to evaluate 
conditions at the sphere surfaces. On the other hand, the upper 
acrylic plate behaves similarly to a simple capillary in that the 
encroaching oil at the advancing surface is following a previously 
unwetted surface and there are no geometrical restrictions at the 
surface. Hence, for the upper plane, receding angles will be 
applied to the receding surface and advancing angles will be used 
at the advancing surface. 


Maximum angles of inclination as measured for each ganglion 
volume are presented in Table 5 for the six systems. These results 
are ordered with respect te the receding surface sphere contact 
angle for each of the two liquids. For any air-liquid-solid system, 
the maximum inclination, ~, decreases as the number of ganglion 
lobes is increased. Also, for each of the two fluids, the incli- 
nations increase with the sphere contact angles, Sip and Ora: 


The reported inclinations and volumes usually represent aver- 
aged data collected for ganglia located at four different locations. 
The system 3 data are identical to that reported earlier for both 
buoyancy and flow mobilization. The measurement accuracy for any 
pore would be in the neighborhood of + 1/2 degree for three- and 
four-lobed ganglia and up to + 1 to 2 degrees for single-lobed 
ganglia. Table 6 contains a summary of the calculations that were 
performed employing the contact angles from Table 5 in the evalua- 
tion of equations (5), (6a), and (6b). Values of the characteristic 
angles located for the receding and advancing surfaces are given as 
OR and Ona? respectively. By assuming the formation of spherical 
surfaces, it is thus assumed that the applied force field causes 
no deviation of the end surfaces from spherical. Hence, the posi- 
tioning of the characteristic planes as indicated by values of OR 
and OPN that depart from 30° is caused by the removal from the 
hemispherical ends of portions of these spheres that are inter- 
sected by either the solid spheres or by the overlying flat plate. 
Calculations to obtain these values were performed using standard 
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Table 5. Ganglia Mobilization - Buoyancy Data 


Volume Inclination 
(m1) a, (deg.) 


“abbreviations: A - Air 

N - nylon 

T - TFE 

RT — roughened TFE 
O - oil 
E - ETG 


RESIDUAL OIL MOBILIZATION 439 


equations of spherical geometry (27) but, since only the receding 
surface for System 6 departs mildly from 30° and the effects on Le 
are minor, the calculations were not included here. 


There are two mobilization pressure drops given in Table 6. 
is yale represents the prediction of mobilization pressure drop cal- 
culated from equation (4). These values of AP clearly decrease 
with increases in sphere contact angle 0 as listed in Table 5. 
Buoyancy mobilization pressure drops, APR, over the characteristic 
lengths, L., are presented for the experiments with various ganglia 
sizes and air-fluid-solid systems. Within experimental error, AP, 
does not change for various sizes of ganglia. The standard errors 
(+ the estimate of standard deviation) lie between 0.9% and 2.4% 
of the average values with the exception of System 5 for which the 
standard error was 8.6%. The larger deviation occurred with the 
roughened TFE and may have reflected non-uniformities of roughness. 
It is important to note for each air-fluid system, that rather than 
decreasing with increases in contact angle like predicted values of 
APnax» the experimental APp values tended to increase. 

Before continuing to discuss the buoyancy results, the data 
for flow induced mobilization, which will be compared with the 
buoyancy data, are presented in Table 7 and represent experiments 
performed with Systems 1, 2, and 3. Reported in columns (3), (4), 
and (5) are the measurements of volume, mobilization flow rate, and 
the mobilization cell pressure drop which was measured across 12 
spheres. Next, it is necessary to evaluate terms in equation (8). 
This can be obtained from columns (4) and (5), and from the depen- 
dence of pressure drop on flow rate for a ganglion-free cell, i.e.: 


AP = q/0.0005302 (12) 


Reapplying equation 9(a) between the characteristic planes as illus 
trated earlier, for which C, was determined to be 0.1160, the mobi- 
lization pressure drop acting due to hydrostatic pressure, APp, was 
linearly related to flow rate, q, by: 


AP, = Paeeceg (13) 


Since the cell was maintained horizontally during the flow tests, 

a buoyancy pressure drop existed due to the height differences 
between advancing and receding surface centers only and APp could 
be evaluated for use in equation (8). Next, looking at the Fy con- 
tribution to AP, as given by equation 9(b), it can be seen that, if 
OaR and 0 A are relatively invariant for systems 1, 2, and 3, then 
for the three tests: 


Rae sla (14) 


Thus, by substitution, equation (8) becomes:’ 
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Table 6. Ganglia Mobilization - Buoyancy Summary 


System™ WG ta Of aec AP, 
a eS cpg Lobes (cm) (Pa) 


. A-N-O -O801} .1602 : 437 32.84 
OF 2 Sheet 

Peps 3222 

2.342 oL.3e 
<SS9 


COST eeLOoe : 34.58 
34.39 

SEIS i 

34693 
<34.38> 


36.17 
351590 
34.88 


34.95 
<35.48> 


64.07 
Sy! 5 OP 
54.13 
<58 61> 
66.39 
64.70 
67.90 
<66.33> 
“Abbreviations: A = air 
N - nylon 
TE > INDIE 
RT - roughened TFE 
oil 


HO 
| 


— EIG 
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Table 7. Ganglia Mobilization - Viscous Flow Data 
= A eae 


Mobilization Mobilization|Mobilization 
(m1) Flow Rate, q (12-sphere) |(Characteris- 
(ce/s) tic Plane) 


No. of | Volume 
Lobes 


System* 


-0290 
-0830 
5 ALOU 
- 1850 


= @lilie 

- nylon 

TFE 

- roughened TFE 
- oil 


* 
Abbreviations: 


R 


OHH 2a PSe 
! 


KK 
Pressure drop measured over a distance of 12 sphere diameters 


for no ganglion present in cell AP = q/.0005302. 
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Ap = APY - C'q + C'q + AP, (15) 
and, at zero flow rate: 
AP = AP’ + AP, (16) 


Since it can be argued that the geometry is not affected by flow 
rate, equation (16) is valid when flow occurs, and thus C' = Ch, 
Assuming that equation (13) is valid for the three air-oil-solid 
systems, a tabulation of the resulting flow-induced maximum mobi- 
lization force data is shown in Table 8. The differences between 
the buoyancy-induced mobilization results and the flow-induced data 
are only between 0.6% and 4.3%. Both experiments therefore result 
in equivalent conclusions about mobilization pressure drop in a 
static system. It can be seen, as in the buoyancy experiment, that 
the maximum pressure drop necessary to initiate mobilization in- 
creases with increases in contact angle. 


Table 8. Ganglia Mobilization - Viscous Flow Summary 


a : (equation 8 or 
(equation 12) (equation 12) equation 12) 
(Pa) (Paes/cc) (Pa) 
DAU Has 
Zoi 114 
114 
“Abbreviation: Amat: 
N = nylon 
T - TFE 
RT — roughened TFE 
O - oil 


A summary of all the experimentally derived results for zero 
flow rate is presented in Table 9, and a plot of reduced mobiliza-— 
tion pressure drop, RAP/o, as a function of receding surface con- 
tact angle is given for the two air-fluid pairs in Figure 13. It 
can be seen that the mobilization requirement is increased as the 
receding surface contact angle is increased (either for an air- 
fluid pair as the sphere material is varied, or for a given air- 
solid pair for which the fluid is changed from oil to ETG). This 
experimental behavior is in qualitative agreement with oil recov- 
ery experiments using consolidated media and a series of fluid 
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Table 9. Maximum Mobilization Pressure Drops — Comparison 


Buoyancy AP Flow AP 


Required AP, 
(equation 9c) (equation 15) 


(equation 4 


we 


* 
Abbreviations: 


A - air 
N - nylon 
T - TFE 
RT — roughened TFE 
O - oil 
E — ETG 
_— 
za 
O<J]b 
Ee 
N — 
J a 
oO 
6 & 
= 
ae) 
as 4 AIR-OIL-SOLID (Buoyancy mobilization, @oR=6.5% @2q77.3°) 
& gw © AIR-OIL-SOLID (Flow mobilization, Qo 2 6.5°, A242 7.3°) 
Gu © @ AIR -ETG-SOLID (Buoyancy mobilization, 622=24°, G2,=44°), 
a 
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Fig. 13. Experimental dependence of maximum mobilization pressure 
drops on contact angle from the sphere pack model. 
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pairs that covered a range of intrinsic contact angles that in- 
creased from 0° to 180° (4,5). In addition, for each air-—fluid-TFE 
system, it can also be seen that a reduction of mobilization pres— 
sure drop accompanied an increase in roughness of from 0.78 to 2.40 
um for intrinsic contact angles of 60° and 90°. This dependence 

on roughness violates the expected behavior for Type III surfaces 
and also does not appear to be supportive of equation (4), (APyax 
in Table 9). Instead, there are consistent increases in mobiliza- 
tion pressure drop with increases in contact angle. 


An observation that enables interpretation of the increasing 
pressure drop behavior was obtained by viewing the experiment con- 
ducted with system 6, air-ETG-TFE, for which the highest receding 
contact angle conditions prevailed. Here, mobilization occurred 
in two slightly discrete steps and was easily followed. Firstly, 
deformation to the conditions given by equation (4) occurred; then, 
the receding surface began to enter the pore throat and, as the 
ganglion began to lengthen, the advancing surface jumped from 
contacting the two right-hand spheres directly into the pore body 
and the entire ganglion was mobilized. In other words, movement 
of the advancing surface was not a smooth process whereby the 
curvature underwent gradual reduction as the receding surface de- 
formed into the pore throat. The only way in which the ganglion 
can move "smoothly" in response to the pressure drop existing 
across the advancing surface, which would result in a reduced 
radius of curvature, would be if contact angles down to 0° could 
occur and equation (3) would totally describe the necessary pres- 
sure drop behavior. However, the receding contact angle represents 
a limiting situation and the associated radius of curvature is the 
smallest that can maintain contact with the solid spheres, as given 
for spherical systems by equation (6). Due to the sphere packing 
geometry and the range of possible contact angles, only larger 
radii of curvature can exist or, alternately, spherical geometry 
can no longer be used to describe the advancing surface. At some 
point in the deformation, a rheon (29) or non-reversible jump must 
occur to the next possible configuration (i.e. 0° contact angle). 


Prediction of the adhesion forces lies beyond the scope of 
the present work; however, certain observations are possible. 
Initially, deformation in a pressure drop field occurs, satisfying 
equation (4). Then, non-spherical deformation can occur whenever. 
a ganglion is touching either the solid spheres or the overlying 
surface since there is adhesion between the ganglion and the solid. 
Separation of the two phases and transformation of the air-solid 
interface into separate air-liquid and liquid-solid interfaces 
requires an increase in the Gibbs free energy which, at constant 


temperature and pressure, becomes the work of adhesion per unit 
AECA gS L.A. 5 


iN = Wy o(1 - cos 84) (ee?) 


RESIDUAL OIL MOBILIZATION 445 


As the surfaces near both right-hand sphere contacts (Figure 2) 
deform non-spherically, the contact angles increase and, presumably, 
the three-phase contact line advances. The value attained prior to 
spontaneous separation is then influenced by the possible levels 

of hysteresis due to surface roughness and intrinsic contact angle 
(see Figures 9 and 11). Consequently, no information on contact 
area at the point of separation is available and equation (17) 
cannot be readily evaluated. 


Another way of looking at the mobilization condition can be 
approached by recognizing that mobilization is related to the pres- 
sure drop that exists across the advancing surface at the right- 
hand sphere contact regions, APAG which can be evaluated as follows: 


first, AP, = P,, - P (18) 


Dh CERES (19) 
and, if at the receding surface, 


AP. = es mia (20) 


then, AP, = AP, — AP (21) 


A B 


It is next possible to compare the increase in experimental pres- 
sure drop across the advancing surface, APy, with that which would 
exist for spherical geometry, (AP,y),, using the maximum radius of 
curvature given by equation (6b), i.e., 


he Or pea CPR aE) (22a) 


Il 
i) 
Q 


(22b) 


The extra pressure drop due to adhesion can be determined from: 


ee Ties iy S. 2 
io x ee erent Sa Pine 2) 
or, substituting equations (20) and (21): 
* = — 
AP = AP, AP, + OP. (24a) 
1 il 
= - 24b 
APR 20 fe) y ( ) 
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A resulting plot of APR versus 9 is‘similar’to that im Figure’ 13. 
This expression, cerca HeN in equation (23) suggests that, at low 
contact angles (@ = 0°), APA would be zero since APp would be given 
by equation (4). Unfortunately, at low contact angles, it was seen 
that measured values of APR were lower than theoretically antici- 
pated but, due to their systematic nature, it is likely that this 
occurred for experimental reasons such as the occurrence of a 
slight bow in the upper plate leading to slightly | larger radii of 
curvature. On the other hand, the increase in Ap* that was ob- 
tained with increasing values of contact angle, 0;, lends credence 
to the proposed mechanism. Problems are still associated with the 
high sensitivity of APp at the minimum radius of curvature. Also, 
realization that Wiper ane mobilization conditions occur must be 
reflected in the various limits of contact angle, contact angle 
hysteresis, and areas of adhesion that precede separation. 


APPLICATION TO MOBILIZATION OF RESIDUAL OIL 


A consistent interpretation which relates contact angle hys- 
teresis to surface roughness has been experimentally obtained with 
the aid of sessile drop measurements on spheres and plates and 
from correlations with surface roughness measurements. It was 
found that, as surface roughness was developed, the tendency for 
composite surface behavior was increased. Due to the presence of 
clays and other minerals, and the processes of cementation and 
dissolution, it is generally agreed that reservoir rocks can pos-— 
sess high degrees of surface roughness (10,18,19). Also, most 
laboratory tests first involve saturating the cores with wetting 
phase (brine) before introducing oil so that simple surface for- 
mation, which depends on no previous wetting-phase exposure, should 
not occur. Therefore, rather than reflecting simple surface hys- 
teresis, radii of curvature and contact angle behavior would likely 
reflect the formation of composite surfaces. This might provide 
a decrease in the anticipated pressure drop necessary to mobilize 
trapped oil with increasing contact angle, using equation (3). 
However, the adhesion of the ganglion material (oil) to the sur- 
faces of the pores must be overcome in order to detach the rear 
of the ganglion surface from the solid that is preventing its 
further movement. Experimental results from the sphere model show 
that reductions in contact angle decrease the mobilization force- 
requirement. That is, the more strongly non-wetting the oil phase 
tends to be, the smaller the area contacted by the ganglion, and 
the lower the force level necessary to recover this oil. Also, 
increases in surface roughness, which tended to reduce contact 
angles (see Figure 13 and Table 9), provide for lower mobiliza- 
tion forces than those of smoother surfaces. 
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While the occurrence of simple surfaces has been questioned, 
it is recognized that they could occur. When this is so, higher 
advancing contact angles would be expected when compared with those 
of composite surfaces, and the mobilization forces would be higher. 


Increases in pressures around the advancing surface, rather 
than supplying energy for a 'jump', might alternately provide suf- 
ficient energy to cause snap-off of the ganglion when the pore 
throat diameter separating any two lobes is sufficiently small. 

Or perhaps, when the receding surface expands, the ganglion can 
break into two in a manner similar to that described by Roof (30), 
rather than producing a movement of the advancing surface. Then, 
since necessary mobilization pressure drops become higher in shorter 
ganglia, for similar end curvatures and geometries, there would 
appear to be another reason for the increasing difficulty of mobi- 
lization of the non-wetting phase with increasing contact angle. 
This adhesion phenomenon might also play an important role in 
establishing residual oil levels in weakly water-wet media. 


In either a tertiary recovery scheme or during a waterflood, 
reduction of the contact angle and hence reduction of adhesion 
forces, as a result of the use of chemicals in the flood water, 
could lead to improved recoveries since lower mobilization thresh- 
holds would need to be overcome and reduced oil wetting could lower 
snap-off tendencies. 


CONCLUSIONS 


Ake Receding and advancing radii of curvature can be correlated 
successfully as functions of roughness with the aid of a 
stylus-type tracing instrument which enables determination of 
center-line-average (CLA) roughness. 


Des Receding surface contact angle behavior is characterized by 
reductions in contact angle and by increasing departures from 
a non-hysteresis behavior as contact angle and roughness are 
increased. 


Sih Advancing surface contact angle behavior, at low contact angles 
and low levels of roughness (surfaces which one would consider 
polished), show simple surface behavior in which increases in 
contact angle mirror receding contact angle behavior. However, 
at angles over about 45° and on mildly roughened to highly 
roughened surfaces, this tendency was found to collapse and 
composite surface behavior occurred in which the advancing 
angle began to approach the receding angle. 
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4. Using hysteresis behavior outlined and the simplified descrip- 
tion of mobilization requirements, equation (4), a tendency to 
reduce the necessary mobilization force is predicted at any 
level of roughness as the intrinsic contact angle is increased. 
This prediction does not, however, reflect the reality of 
ganglia mobilization experiments. 


5) Experimentally measured mobilization behavior in the sphere- 
pack model shows an increase in the necessary force levels as 
the receding surface contact angle is increased. This is in 
qualitative agreement with porous media displacement studies. 


Ox For weakly wetted systems, the mobilization process appears 
to occur as follows. The receding surface first begins to 
move through the throat increasing the pressure drop across 
the advancing surface; then, a ‘jump’ of the advancing sur- 
face (which requires a significant threshold force) rapidly 
follows. This behavior could not have been identified from 
capillary-—type experiments. 


Ves The effects of increasing surface roughness were experimentally 
determined to give reductions in non-wetting phase contact 
angles and reductions in the mobilization forces requirement. 
When composite surfaces form, roughened surfaces reduce the 
mobilization requirements when compared with those for smooth 
surfaces. This behavior could occur in porous media that has 
first been exposed to the wetting brine phase. 


She The mobilization theory predictions of pressure drop embodied 
in equation (4) are applicable only to strongly non-wetting 
residuals or blobs which are not in contact with the rear pore 
surfaces. 
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RESIDUAL OIL MOBILIZATION 


LIST OF SYMBOLS 


A area 

Cy constant, equation 9(a) 
Co constant, equation 9(b) 
C3 constant, equation 9(b) 
op constant, equation (13) 
Cc 


constant, equation (12) 

Dy base diameter (sessile drop), cm 

DS major diameter (sessile drop), cm 

Fy viscous deformation term, equation (8), Pa 
£ coefficient of friction 

AG Gibbs Free Energy Difference 

g acceleration due to gravity, (9.8083 m/s2) 
H height (sessile drop), cm 

L characteristic length, cm 


a 

Nea capillary number 

n number of lobes on ganglion 
12 pressure, Pa 


APR pressure drop from buoyancy forces, Pa 

AP, pressure drop from viscous forces, Pa 

INDY. pressure drop due to internal circulation, Pa 

AP maximum mobilization pressure drop, equation (4), Pa 
APp deformation pressure drop, equation (16), Pa 

AP or total pressure drop, equation (17), Pa 

Apt pressure drop (measured) with viscous flow, Pa 

Ap* pressure drop necessary for jump, Pa 


q flow rate, cc/s 

R sphere radius, cm 

ig radius of curvature, cm 

ce Wenzel roughness ratio 

Wa work of adhesion 

x distance, cm 

a cell inclination angle 

A difference operator 

€ inclination angle 

9 angle 

0. characteristic angle 

04 sphere contact angle 

0, upper surface contact angle 
u continuum viscosity, mPa*s 
@) continuum density, gm/cm? 

O surface or interfacial tension, mN/m 


Subscripts 


A advancing 
av average 
buoyancy 


c characteristic 
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flow or viscous 
hydraulic 
internal 

max maximum 

min minimum 


Hs ot by 


R receding 
Vv velocity distortion 
fe) intrinsic or zero-contact angle 


nore 


Superscripts 


air or liquid 
liquid 

solid 
adhesion 


*n Oo 


Note: Since AP is in pascals and Oo is in mN/m, and r is in cn, 
conversion is assumed to occur, i.e., 


tens a - 2) 
R A 
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EXPERIMENTAL INVESTIGATION OF TWO-LIQUID RELATIVE PERMEABILITY 
AND DYE ADSORPTION CAPACITY VERSUS SATURATION RELATIONSHIPS 

IN UNTREATED AND DRI-FILM-TREATED SANDSTONE SAMPLES 


Pak ohanka te and eb Ae lie) Diesen 


Department of Chemical Engineering 
University of Waterloo 
Waterloo, Ontario, Canada N2L 3G1 


Drainage and imbibition relative permeabilities of brine and 
Soltrol 160 were determined in a water-wet Berea sandstone sample 
and in one treated with 2.5% Dri-Film Solution in hexane. Drain- 
age relative permeabilities were also measured in two other Berea 
sandstone samples, one treated with 1% and the other with 0.02% 
Dri-Film solution. The Penn State method was used throughout. The 
dye adsorption capacity of the sample as a function of increasing 
brine saturation was also determined in every test. A water-wet 
sample, initially saturated with brine, was oil-flooded, and then 
water-flooded; two samples, one treated with 5% and the other with 
0.02% Dri-Film solution, were initially saturated with Soltrol and 
then water flooded. 


INTRODUCTION 


The primary objective of the investigation, the results of 
which are reported below, has been to measure the amount of a 
water-soluble dye (methylene blue) adsorbed on the pore surface 
of untreated and Dri-Film treated Berea sandstone samples as a 
function of the (increasing) brine saturation of the sample (1). 


The total amount of dye adsorbed at a given saturation may be 
regarded as the amount of dye adsorbed per unit area of solid sur- 
face in contact with the dye solution times the area of the solid 
surface in the sample which has been reached by the dye solution 
at that saturation. 


The amount of a polar dye which is adsorbed from an aqueous 
solution of a given dye concentration by unit area of a solid 


453 


454 P. K. SHANKAR AND F. A. L. DULLIEN 


depends on the magnitude of the affinity of the solid surface for 
the dye, compared with its affinity for water. As a solid surface 
of high polarity has a high affinity for both the polar dye and 
water, whereas a surface of low or zero polarity has a low affinity 
for both, no dramatic difference in dye adsorption capacity can be 
expected between the untreated polar sandstone and the less polar 
(or, nonpolar) surface covered with Dri-Film (2). 


The surface area of the solid.reached by the dye solution at 
any particular stage of a relative permeability experiment is 
determined by a number of factors, such as the polarity of the 
solid surface, the saturation history, the saturation, and the 
length of time of exposure. 


For example, let us consider a sample with a perfectly water- 
wet surface (i.e., the contact angle measured through the water is 
equal to zero) which has been saturated with brine and, subsequent- 
ly, driven down with oil to irreducible water saturation. It is 
usually assumed that at this stage there is still left a film of 
water covering the entire solid surface. Let us suppose that an 
imbibition-type relative permeability test is started at this 
point. The question may be asked whether in the vicinity of the 
irreducible water saturation all, or only a portion of the water 
contained in the sample will flow. 


The answer to this question may be found by using a dyed brine 
solution in the relative permeability experiment. The amount of 
dye adsorbed is independent of the saturation of the sample if all 
the connate water were to flow, but it will be found to be an in- 
creasing function of the brine saturation if the brine were to 
flow only in those capillaries from which the oil has been dis- 
placed by the imbibing brine. 


Let us consider now a preferentially oil-wet sample, but not 
necessarily one with a contact angle measured through the oil equal 
to zero degree, which has been saturated with oil. Let us suppose 
that a drainage relative permeability test is performed on this 
sample. The experimental evidence reported in the literature seems 
to indicate that varying portions of the pore surface are covered 
with oil after being penetrated by brine. In case all or most of 
the solid surface remains covered with oil, practically no dye ad- 
sorption would be expected throughout the entire (drainage-type) 
relative permeability test. On the other hand, if a significant 
portion of the pore surface is exposed to the penetrating brine, 
then a corresponding amount of dye is going to be adsorbed, and 
the adsorption capacity of the sample will be found to increase 
with increasing brine saturation. 


In this paper the behavior of samples that were treated with 
Dri-Film solutions of different concentrations was investigated. 
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BRIEF REVIEW OF PREVIOUS WORK 


Measurement of dye adsorption with the purpose of determining 
wettability of sandstone cores was first proposed by Holbrook and 
Bernard (3). These authors defined "relative water wettability" 
as the fraction of the total surface area of a core that is con- 
tacted by injected water. There follows from this definition that 
if this fractional area were found to be a function of the satura- 
tion of the core then "relative water wettability" is also satura- 
tion dependent. 


Holbrook and Bernard (3) showed that Berea sandstone cores and 
250-mesh sand adsorbed about 0.4-0.7 mg dye/gm core and 0.45 mg dye/ 
gm core, respectively, of methylene blue from 0.01 percent dye so- 
lutions, whereas the amount of adsorption was nil when the cores, 
or the sand, were treated with 5 percent Dri-Film SC-87 solution 
in hexane, oven dried and saturated with Soltrol. One of the un- 
treated sandstone samples which was first saturated with water, 
driven to irreducible water with oil and then flooded to residual 
oil saturation with the dye solution adsorbed the same amount of 
dye as the untreated sample not containing oil, thereby indicating 
that in the process of water-flooding a water-wet core, the entire 
pore surface is contacted by the flood water. 


In other tests, Holbrook and Bernard (3) treated three adja- 
cent Berea cores with hexane solutions containing 0.01, 0.1 and 
5.0 percent Dri-Film SC-87. The dye adsorption capacities of the 
three samples were determined (0.53, 0.57, and 0.46 mg dye/gm core) 
and compared with a fourth, adjacent untreated sample whose adsorp- 
tion capacity was 0.71 mg dye/gm core. The relatively modest de- 
crease in adsorption capacity observed in the treated cores may be 
due to a number of causes, including a possibly diminished adsorp- 
tion capacity of unit area of pore surface contacted by the dye 
solution and the inability of the dye solution to penetrate the 
clays clogged by Dri-Film. 


Holbrook and Bernard (3) determined the dye adsorption capa- 
cities also in a second set of four Berea cores which were pro- 
cessed as follows. The first core was initially saturated with 
water and then driven down to irreducible water with Soltrol, the 
second core was initially saturated with Soltrol, driven with water 
to irreducible oil and then with Soltrol to irreducible water. 
The third and the fourth cores were treated with 0.1 percent and 
5 percent Dri-Film, respectively, dried and then subjected to the 
same sequence of operations as the second core. On all four 
samples water imbibition tests were run and subsequently the dye 
adsorption capacities were determined. The third and the fourth 
cores imbibed only a few percent pore volume of water, the second 
core about 30 percent, the first core, however, imbibed about 55 
percent pore volume of water. The dye adsorption capacities 
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decreased from the first to the fourth core as follows: 0.76, 0.59, 
0.18, and 0.05 mg dye/gm core. The most important lesson to be 
learned from these experiments is that even though the second core 
was preferentially water-wet according to the usual definition of 
wettability, it adsorbed only 78 percent of the amount of dye it 
would have, had it been initially saturated with water, rather than 
with Soltrol. It is evident that under these conditions some of 
the solid surface remained covered by Soltrol throughout the sub- 
sequent operations and, therefore, .the dye could not adsorb on this 
(intrinsically water-wet) surface. As it would take a very long 
time (4) before the water could penetrate between the Soltrol and 
the solid surface and establish capillary equilibrium, the method 
of Holbrook and Bernard (3) is of great vaiue in determining the 
"status quo" of wettability. 


EXPERIMENTAL 


Equipment and Materials 


The Penn State or three-core-section method of measuring rel- 
ative permeabilities was used in this work (e.g., Morse et al. 
(5) 3 Geffen et al. (6));sCaudle-et@all 5G) a Richandsom Glial econ 
Schneider and Owens (9,10); McCaffery (11)). The schematic diagram 
of the relative permeability equipment is shown in Figure 1. In 
the present study the two fluids injected simultaneously at a fixed 
ratio of flow rates were Soltrol 160-oil (1.5 cp viscosity) and 22 
NaCl brine. The cores were mounted horizontally in a modified 
Hassler-sleeve core holder as shown in Figures 2a and 2b. A111 ex- 
periments were run at room temperature. All of the materials used 
in the flow system were inert to the test fluids (1). The Ruska 
constant rate proportionating pumps, used by most of the earlier 
investigators to displace the two liquids were replaced, for 
reasons of economy, with hydraulic actuators driven mechanically 
by D.C. electric motors via variable transmission controls (1). 
In order to prevent rust problems the hydraulic actuator for brine 
and dyed brine was primed with Soltrol-oil, thus avoiding contact 
of the actuator with brine. The Soltrol-oil displaced by the 
actuator was led into the brine or the dyed-brine reservoir. Both 
reservoirs were kept under the same pressure so as to avoid alter- 
ing the steady-state saturation of the sample when switching over 
from one reservoir to the other. Flow rates were measured by 
monitoring the input RPM with the help of photoelectric counter 
system (electronic pulse counter). The pressure drop across the 
test core section was measured with a differential pressure trans- 
ducer with a range of 0 to 1000 mm Hg and calibrated with a preci- 
sion dial gauge, and a digital transducer indicator. The pressure 
drop was continuously recorded on a strip chart recorder. The 
pressure at the interface of the test core section with the end 
section was measured by means of a transducing cell. The pressure 
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Fig. 1. Layout of two-phase relative permeability equipment 
taps communicated with a 0.01 inch wide annular recess around the 

core periphery, serving as a piezometer ring. After attainment of 
steady-state conditions, the saturations were determined by weigh- 
ing the test core section wrapped tightly in tin foil. 


0.1 percent solution of methylene blue in brine was used in 
the dye tests. The effluent dye concentration was determined using 
a "spectronic" calorimeter calibrated with standard dye solutions 
of known concentration at the wavelength corresponding to the 
absorbance maximum (see Figure 3). 


Experimental Procedure 


The Berea outcrop sandstone cores were supplied as three- 
section cylindrical samples of 1.5" diameter; the test section was 
3.00" long and the end of each section was 1.00" long. The faces 
were squared off to ensure good contact and the cores were heated 
at 575°F for forty-eight hours to decompose any organic matter. 
After cooling, the cores were weighed. The core permeabilities 
ranged from 440 to 647 md and the porosities were in the range 
heron. 2095 toy OL 230% 
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ABSORBANCE x10 


0 


DYE CONCENTRATION x 107 (So SWiENTGIHh =) 
Fig. 3. Calibration curve for spectronic - 20 


The sample to be treated with Dri-Film SC-87 solution in 
hexane was loaded into the Hassler-sleeve core holder and about 
60 pore volumes of Dri-Film solution was passed through it in both 
directions and, subsequently, it was flushed with about 25 pore 
volumes of Ny gas. On removal from the core holder the sample 
was dried at 225°F for about four hours and after cooling it was 
weighed. 


The untreated cores were saturated with brine, whereas the 
Dri-Film treatéd cores were saturated with Soltrol in a core 
saturator. The saturated cores were weighed, and with the help of 
the known density of the liquid the porosities were calculated. 


Detailed description of the loading procedure of the three- 
piece core into the Hassler holder has been given by Shankar (1). 
Kleenex paper tissue was used regularly between the two faces of 
the test-piece and the two end pieces, and the three sections were 
held pressed tight against each other. 


Before commencing two-phase flow operations, single-phase per- 
meability determinations were made at several flow rates, using 
brine in the water-wet sample, and Soltrol-oil in the samples that 
had been treated with Dri-Film. In every case, first the drainage 
relative permeability curves were determined. The first steady- 
state point was obtained typically at a wetting fluid/non-wetting 
fluid flow rate ratio of about 10. The filter velocities used 
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were about 1.5 cm/min. After reaching irreducible wetting phase 
saturation at a non-wetting phase/wetting phase flow rate ratio on 
the order of 100, the imbibition relative permeability curves were 
determined. The first steady-state point on this curve was ob- 
tained at a non-wetting fluid/wetting fluid flow rate ratio on the 
order of 10. The end of the imbibition curve, corresponding to 
residual non-wetting phase saturation, was reached at a wetting 
fluid/non-wetting fluid flow rate ratio on the order of 10. The 
criteria used for steady state in these experiments were the con- 
stancy of pressure drop across the test core piece, and equal 
outlet and inlet flow ratios. The outlet flow rates were deter- 
mined by collecting the effluents from the system in a graduated 
cylinder for measured intervals of time. After gravimetric deter- 
mination of the fluid saturations in the test piece, involving 
removal, weighing and reloading of the test core piece, the same 
flow rates of the two phases were resumed that existed at steady 
state conditions prior to disassembly. This always resulted in 
the same pressure drop across the test section. 


In those tests where dye adsorption measurements were made, 
i.e., imbibition run for the water-wet sample and drainage runs 
for the samples treated with Dri-Film, after reaching steady state, 
injection was switched over from brine to dyed brine, and oil and 
dyed brine were simultaneously injected until the effluent dye 
concentration nearly equaled the inlet concentration and remained 
essentially constant. The amount of dye adsorbed was determined, 
by difference, from the measured dye concentration of the effluent. 


After this stage, injection was switched back from dyed brine 
to brine and the brine/oil flow rate ratio was increased to deter- 
mine the next point on the relative permeability curve. In this 
process desorption of the dye took place. The amount of dye de- 
sorbed was determined colorimetrically in the effluent brine. 
After reaching steady state, the new saturation and the dye-adsorp- 
tion at this point were again determined. The process was contin- 
ued point-by-point until reaching the saturation where the oil 
flow rate became immeasurably slow. For a water-wet sample it 
took about 20 hours to determine each steady-state point. For 
oil-wet samples this time was shorter. 


RESULTS AND DISCUSSION 


Relative Permeabilities 


All relative permeabilities have been based on the absolute 
permeability measured before the drainage test. The results ob- 
tained with the water-wet sample are shown in Figures 4 and 5. 
The first oil flow in the drainage experiment was measured at 31% 
pore volume Soltrol saturation, the irreducible water saturation 
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RELATIVE PERMEABILITY, FRACTION 


OSS 2 0530 4:0) 5:05 60 Ole SOR 10 100 
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Fig. 4. Drainage and imbibition relative permeabilities of Berea 
11 (water-wet sample). 


was 28.5% pore volume, and the residual oil saturation 42% pore 
volume. The oil curve extends up to a relative permeability value 
of 0.54. The imbibition curve of the oil lies underneath the cor- 
responding drainage curve, and the percent difference between 
points on the two curves corresponding to the same saturation keeps 
increasing steadily with increasing brine saturation. The imbibi- 
tion curve for the water lies only slightly higher than the cor- 
responding drainage curve and it ends at 0.145 relative permeabil- 
ity. Qualitatively speaking, the observed relative permeability 
characteristics of the water-wet sample are the same as those 
reported previously in the published literature (4). 
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Fig. 5. Drainage and imbibition relative permeabilities of Berea 
11 (water-wet sample). 


One point meriting discussion is the magnitude of the minimum 
saturation at which the non-wetting phase will flow, sometimes 
referred to as "critical saturation". According to Geffen et al. 
(6) the critical saturation to gas or oil is approximately 1 per- 
cent. The lowest reported non-wetting phase saturations at which 
measurable relative permeabilities were found in drainage tests, 
however, have been between about 5% and 35% pore volume. 


Theoretical studies of Chatzis and Dullien (12,13) on random 
networks of capillaries have indicated that it is extremely un- 
likely to have a continuous phase present in a network at satura- 
tions less than 10-15% pore volume. Hence the very low "critical 
concentrations" reported in the literature may be best explained 
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in terms of a mechanism in which the non-wetting phase is flowing 
as a dispersed phase (14). Under such conditions, however, there 
is no pressure gradient in the (discontinuous) non-wetting phase 
and, hence, Darcy's law cannot be applied to this phase. 


The results of the relative permeability tests performed on 
the sample which had been treated with 2.5% Dri-Film solution are 
shown in Figures 6 and 7.-*In this case the first flow of the non- 
wetting phase (brine) in the drainage test was measured at a satu- 
ration of 11% pore volume, the wetting phase (oil) relative per- 
meability was 0.004 at 54% pore volume wetting phase saturation, 
and the residual brine (connate water) saturation was 13.5% pore 
volume. The water curve extended to a value of 0.37 relative per- 
meability units, compared with the highest point on the oil curve 
(in the imbibition test) of 0.185 relative permeability units. 
Some of these features agree qualitatively with the typical water- 
oil relative permeability characteristics of strongly oil-wet rock 
(4), but the dramatic shift of all the relative permeability curves 
by about 0.2 saturation units in the direction of higher wetting 
phase saturations as compared with the water-wet sample, is in 
need of a satisfactory explanation. 
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Fig. 6. Drainage and imbibition relative permeabilities of Berea 
12 (2.5% Dri-filmed sample). 
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Fig. 7. Drainage and imbibition relative permeabilities of Berea 
12 (2.5% Dri-filmed sample). 


The other two samples that were treated with Dri-Film showed 
similar behavior, although no imbibition tests were performed on 
them. In the case of the sample treated with 1% solution of Dri- 
Film (see Figures 8 and 9) the lowest non-wetting phase (brine) 
saturation in the drainage test was about 5% and the relative per- 
meability of oil was 0.006 at about 60% pore volume of oil satura- 
tion. The brine relative permeability curve reached its highest 
point at 0.3/7 relative permeability units. Finally, in the sample 
treated with 0.02% Dri-Film solution the lowest measured non-wetting 
phase (water) saturation in the drainage test was about 6.5% and 
the relative permeability of oil was 0.025 at about 61% pore volume 
oil saturation (see Figures 10-12). In this case, however, the 
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Fig. 8. Drainage relative permeabilities of Berea 13 (1.0% Dri- 
filmed sample). 


466 P. K. SHANKAR AND F. A. L. DULLIEN 


Legend 
Oo——————© - Oil 
Leam———w\ - Brine 


FRACTION 


RELATIVE PERMEABILITY, 


30 40 50 60 70 80 90 100 


WETTING PHASE(OIL) SATURATION, % P.V. 


Fig. 9. Drainage relative permeabilities of Berea 13 (1.0% Dri- 
filmed sample). 
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Fig. 10. Drainage relative permeabilities and apparent capillary 
pressure of Berea 18. (.02% Dri-filmed sample). 


468 P. K. SHANKAR AND F. A. L. DULLIEN 


Legend 


0il ©o-—© °+1«Brine ] 
Brine A——“A peels 


FRACTION 


0.01 


RELATIVE PERMEABILITY, 


0.001 


30 40 50 60 70 80 90 100 


OES AMIUIR ART NON Ge cous Re Mie 


Fig. ll. Drainage relative permeabilities of Berea 18 (.02% Dri- 
filmed sample). 
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Fig. 12. Comparison of drainage relative permeability vs. satura- 
tion relationships obtained for water-wet and Dri-filmed 


Berea sandstone samples. 
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brine curve extended as high as 0.5 relative permeability units. 


It is noted that in the last test there was an important de- 
parture from the usual way of introducing the two phases into the 
core (see Figure 2b). The usual high permeability mixing section 
upstream from the core was dispensed with, and the two liquids were 
introduced directly into the mixing sandstone end piece. When the 
Penn State relative permeability test is conducted in the usual 
Manner the injection pressures of the two fluids are identical, 
however, under the conditions of introducing the two liquids shown 
in Figure 2b, the non-wetting phase (brine) was under a higher 
pressure throughout the test and, by using a differential pressure 
transducer at the sample inlet, a typical capillary pressure curve 
was obtained. As the accurate value of the saturation at the inlet 
of the core is not known, the term "apparent capillary pressure 
curve' may be appropriate. It is noted that the breakthrough 
capillary pressure (displacement pressure) was measured at 0.8 psi. 
This quantity is a measure of the "diameter" of the thinnest capil- 
lary through which it is necessary for a fluid to pass if it is to 
reach the outlet face of the core. 


The breakthrough capillary pressure of Soltrol in a water-wet 
Berea sandstone sample saturated with brine was measured quasi- 
statically in a porous diaphragm cell and found to be 0.55 psi, 
whereas the corresponding value obtained with mercury in an evacu- 
ated sample was 8 psi. 


The breakthrough capillary pressures may be utilized to make 
some deductions about the distribution of the oil and the water 
phases on a microscopic scale. Letting 


~ 40 cos 0 
(Po, 7% D, (1) 


where CE is the breakthrough capillary pressure, Oo the inter- 
facial tension and 9 the contact angle, one can write 


O cos 8 O COS: © — Oat 
| D | i| D | RURES “) 
e w/o e o/w 
whence, as cos Crys = 1 and W/o = So/w? 
(D.) 
cos 0 = 1.45 whe (3) 
w/o SUE 


As cos eae <1, there follows from Eq. (3) 


i ae 1.45 (4) 
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indicating that the effective neck size was severely reduced in the 
Dri-Film treated sample. 


Assuming that this reduction is due to the presence of oil on 
the surface it can be understood why, for the same wetting phase 
saturation, the relative permeability of oil was found very much 
smaller in the oil-wet sdémples than the relative permeability of 
water in the water-wet one, where there was much less wetting fluid 
(water) left on the walls of those pores that have been penetrated 
by the non-wetting phase. The wetting fluid left on the pore walls 
will contribute much less to flow than the same amount of fluid 
when filling the entire pore cross-section. 


It is interesting in this context to examine the results of 
the water flood and oil flood tests conducted with oil-wet and 
water-wet Berea samples respectively, and shown in Figure 13. 

These results are in qualitative agreement with results published 
in the literature (15). The floods were always started with the 
sample initially saturated with the wetting phase. Only 20-25% 
pore volume of the oil (wetting fluid) was recovered after inject- 
ing the same number of pore volumes that resulted in 60% pore 
volume recovery of brine (wetting fluid). Assuming that when water 
is displacing oil from an oil-wet capillary there is an oil film 
left on the solid surface, the average thickness of which is much 
greater than that of the water film left on the capillary surface 
when oil is displacing water from a water-wet capillary, one ob- 
tains for the ratio of effective average capillary diameters 
ofa! Ceru/o the range of values of 760/25 to Y60/20 (1.55-1.73), 
which is in good agreement with the values calculated above from 
the breakthrough capillary pressure of penetration. The physical 
reason for the startling lack of symmetry with respect to water 

and oil in the behavior of the water-wet core and the cores treated 
with Dri-Film is not yet proven, but it seems likely that it is 
related to the fact that the contact angle measured through the oil 
in the samples treated with Dri-Film may have been greater than 
zero. 


Dye Adsorption 


The cumulative dye adsorption capacities of the samples treated 
with 2.5% and 1.0% Dri-Film solutions and the water-wet sample are 
shown in Figure 14 as a function of the saturation. It can be seen 
that the samples treated with Dri-Film and subsequently saturated 
with Soltrol adsorbed much less dye than the water-wet sample. 


The dye-adsorption capacity of a core treated with 2.5% Dri- 
Film solution, saturated with Soltrol and then driven down to ir- 
reducible oil with the dye solution was found to be 0.024 mg dye/gm 
core, which is only a small fraction of the dye adsorption capa- 
cities shown in Figure 14. A possible explanation of this dis- 
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D.F. Treated 
D.F. Treated 


CUM. DYE ADSORBED MG. DYE/GM. OF CORE 


DISPLACING PHASE(BRINE) SATURATION, % P.V. 


Fig. 14. Cumulative dye adsorption capacity vs. brine saturation. 


crepancy is that in the course of the relative permeability tests, 
which lasted several days, more of the pore surface might have 
become exposed to the dyed brine than in the direct dye adsorption 
test, which lasted only a few hours. This explanation would not 
be admissible if the contact angle measured through the oil had 
been zero, because in that case the oil would cover the whole sur- 
face. Another possible explanation is that the excess adsorption 
was due to the glass bead pack mixing section present in these 


experiments. 


The dye adsorption capacity of water-wet Berea sandstone cores 
was determined by saturating two samples with brine and then flood- 
ing them with about 700 pore volumes of 0.1% solution of dye in 
brine. The values obtained were 1.59 mg dye/gm core and 1.47 mg 
dye/gm core. In two other tests, water-wet samples were driven 
down to irreducible brine saturation with Soltrol and then flooded 
with 0.1% solution of dye in brine. The adsorption capacities ob- 
tained in these tests were 1.59 mg dye/gm core and 1.60 mg dye/gm 
core, in excellent agreement with the first two results reported 


above. Hence there can be little doubt that the dye adsorption 
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capacity of the water-wet sample is in the neighborhood of 1.6 mg 
dye/gm core. 


As it can be seen from the plot in Figure 14, the first point, 
obtained very near the connate water saturation already represents 
a very significant fraction of the total dye adsorption capacity 
of the sample. In obtaining the second point and the rest of the 
points, every time hundreds of pore volumes of brine had to be 
passed through the sample before steady flow conditions were 
reached. The effluent was colored blue throughout this process, 
owing to the presence of desorbed dye. It appears that the amount 
of desorbed dye was systematically underestimated by roughly the 
Same amount at every point, because the effluent was too dilute 
for an accurate calorimetric concentration measurement. The 
straight line shown in dashed lines in Figure 14, therefore, rep- 
resents the erroneous apparent cumulative adsorption capacities, 
whereas the solid line is presumed to be the true relationship. 


It can be concluded from this test that practically the entire 
pore surface was contacted by the flowing brine already at a brine 
saturation as low as 40% pore volume where the brine relative per- 
meability was a mere 2%. 


The core treated with 0.02% Dri-Film solution adsorbed more 
dye than the cores treated with 2.5% and 1.0% Dri-Film solution, 
respectively. As can be seen in Figure 15, in the case of this 
sample the slope of the cumulative adsorption versus saturation 
curve kept increasing steadily with increasing brine saturation. 
This trend may reflect the fact that the surface of pores increases 
approximately as the square, whereas their volume increases approx- 
imately as the cube of the pore size. As shown in the figure, the 
shape of the dye adsorption curve is similar to that of the apparent 
capillary pressure curve. In the tests conducted with this sample 
steady state was reached at every point much sooner than in the 
water-—wet sample and desorption of dye was much less, too. 


CONCLUSIONS 


1) The relative permeabilities in the three Berea sandstone 
samples treated with different concentrations of Dri-Film solution 
lay fairly close together, and were displaced by about 20% pore 
volume in the direction of higher displaced phase saturation, as 
compared with the relative permeabilities in the water-—wet Berea 
sandstone. 


2) The breakthrough capillary pressure (displacement pres- 
sure) of brine was 1.5 times higher in a sample treated with 0.02% 
Dri-Film solution than the value obtained with Soltrol in a water- 
wet Berea core. 
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Fig. 15. Cumulative dye adsorption capacity and apparent capillary 
pressure for Berea 18 (.02% Dri-filmed). 


3) The water recovery at the same number of injected pore 
volumes, from a water-wet core, initially saturated with brine, 
was about three times higher than the oil recovery from samples 
treated with Dri-Film solutions and initially saturated with 
Ssoltrol 160. 


4) Conclusions 1) - 3) are consistent with the assumption 
that the average thickness of the oil film left on the surface of 
oil-wet capillaries, after the penetration of the brine into them, 
is much greater than that of the water film left on the water-wet 
capillary surface when oil was displacing water. 


5) The shape of the dye adsorption capacity vs. brine satu- 
ration curve in the water-wet sample initially saturated with brine, 
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shows that practically the entire pore surface was contacted by 
flowing brine already at about 40% pore volume saturation. This 
observation is consistent with the widely held view that in water 
wet media there is a brine film between the oil and the capillary 
surface in all the pores and that most of this brine film is flow- 
ing in two-phase flow. 


6) The dye adsorption capacity in the samples treated with 
2.5% and 1.0% Dri-Film solution, respectively, and initially satu- 
rated with Soltrol, was small, and behaved erratically probably 
because of experimental error. 


7) The dye-adsorption capacity of the sample treated with 
0.2% Dri-Film solution and initially saturated with Soltrol, was 
approximately a quadratic function of the (increasing) brine satu- 
ration. This dependence is consistent with the picture that in a 
drainage process the non-wetting phase (brine) penetrates increas- 
ingly smaller capillaries as the saturation is increased. 
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WETTABILITY OF, AND OIL FILM STABILITY ON GLASS CAPILLARIES 


AS BASIC PROCESSES IN TERTIARY OIL RECOVERY 


J. Pintér and E. Wolfram 


Department of Colloid Science 
Lorand Eotvos University 
P.O. Box 328, Budapest 8, Hungary 


A study of immiscible liquid/liquid displacement on model 
systems, paraffin oil/aqueous surfactant solutions in glass capil- 
lary tubes led to the conclusion that flow and wetting properties 
cannot be treated separately. Even though there is a correlation 
between static and dynamic contact angles, the validity of this 
relation is restricted to relatively low surfactant concentrations. 


Phenomena, like change of the shape of the liquid/liquid in- 
terface and of the apparent contact angles, finger forming and the 
process of displacement that occur during, and as a result of, the 
flow, can be interpreted by means of a simplified energetic con- 
sideration. This possibility, however, is limited by the stability 
of the oil film on the solid surface in the sense that a too high 
stability represents a kinetic hindrance for the above phenomena 
EOUOCCUL, 


Results of measurements on surfactants of different nature 
but of the same surface activity revealed the fact that even their 
effect on lowering the liquid/liquid interfacial tension and, on 
the other hand, on modifying the wettability of the solid, are 
interdependent and strongly connected with each other. An ultra 
low interfacial tension of the liquid/liquid interface is only a 
necessary but not a sufficient condition for high efficiency of 
oil displacement. 
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INTRODUCTION 


The microscopic processes of crude oil displacement by immmis— 
cible surfactant solutions and, therefore, the efficiency of ter- 
tiary oil recovery are determined by static and dynamic wetting as 
well as by the stability of the liquid film adjacent to the solid 
surface. All these properties are connected also with the liquid/ 
liquid interfacial tension and the flow conditions. The two-liquid 
flow influences dynamic wetting via the shear force exerted on the 
liquid/liquid interface (1-5), and it affects also the film stabil- 
ity by those forces that act directly at the film of liquid B/bulk 
liquid A boundary (6-7). 


It is known that, unlike static contact angles, dynamic con- 
tact angles strongly depend on the geometry of the system (8-9). 
Hoffman showed (3) that there is a correlation between dynamic and 
static contact angles if inertia forces, gravity and the adsorption 
in the vicinity of the moving three-phase contact line (TPL) are 
so small that their effect can be neglected. According to his 
results obtained by studying a number of liquids, the relation be- 
tween the static contact angle, O25 and the dynamic contact angle, 
Og> can be written as 


cos oe —- cos O 0.702 


= tanh (4.96 Ca ) (1) 


COSmOy. ches 
Ss 


where Ca = nv/y is the capillary number, that is, the ratio of vis- 
cous forces to interfacial forces. Slattery et al. (4) have con- 
firmed the validity of Eq. (1) and concluded that the measured 
dynamic contact angles depend only on the properties of the flowing 
liquid and the flow rate. 


From the assumption that the capillary flow is laminar, it 
follows that the flow rate is very low near the capillary wall and 
becomes zero at the wall. As a consequence the TPL should be at 
rest and the equilibrium contact angle should develop according 
to the ratio of the corresponding wetting energies (see curves 
denoted by 1 of Figure 1). The greater the distance of separation 
from the wall, the higher the deformation of the fluid inter 
the extent of which is given just by the capillary number. 


Let the capillary wall be wetted better by phase A than by 
phase B. As a result of the deformation of the fluid interface, 
phase A will move faster than the TPL and will reach those areas 
of the wall that are covered by phase B. If there is sufficient 
time left for the film that had previously formed from phase B at 
the wall to break down, then displacement can occur. It is to be 
noted to this point that microscopic changes within the small dis- 
tance of the order of 1 um (6 in Figure 1) cannot be detected and, 
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direction of flow 


Fig. 1. The steps of deformation of a convex liquid-liquid inter- 
face in immiscible liquid displacement. 


therefore, the intrinsic microscopic contact angle is not available 
to direct measurements. 


If we disregard that the displacement is hindered by the sta- 
bility of the adhering film and we consider this process from the 
thermodynamic rather than from the kinetic point of view, then it 
is obvious that both the area of the liquid/liquid and the solid/ 
liquid interface can undergo changes (10). The energy change 
connected with the variation of the liquid/liquid interfacial 
area, assuming the interface to be a segment of a sphere, is (see 
Figure 2) 


2 2 il 1 
a ), Rs Gain 1+ sin 0, 1+ sin 0, 2) 
Similarly, the energy change for the solid/liquid interface is 
given by 


The total energy change is the sum of Eqs. (2) and (3). If 
AE(h)o < AE(Q),, then change of contact angle and hence of the 
liquid/liquid interfacial area is preferred, whilst if AE(O), < 
AE (h) 9 is true, oil displacement is likely to occur. 


For two-liquid flow in capillaries, the behavior of the inter- 
face has to be taken into account, too. According to Huh and 
Scriven (1), the rate profile is, even for laminar flow, not a 
parabolic one. In the vicinity of the interface, the flow field 
has, according to Dussan (2) the shape as shown in Figure 3, allow- 
ing for phase A to penetrate into phase B. This will occur at 
point 1 of Figure 3 where the flow has a stagnation point. This 
is the fountain effect which occurs if the ratio of viscosity of 
phase A to that of phase B is either too high or too low. The 
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direction of flow 


kK ah— 


Fig. 2. Immiscible liquid displacement in a capillary tube: (a) 
change of the wetted area; (b) change of both the contact 
angle and the liquid-liquid interfacial area. 


Fig. 3. Flow field near the liquid-liquid interface. 


fountain effect results in the dispersion into small droplets of 
the liquid plug. 


For hindered displacement, particularly if the interfacial 
tension is low and the diameter of the capillary tube is not 
constant, the moving liquid front often shows the phenomenon of 
finger-forming (11). 


EXPERIMENTAL 


The materials used in this study were as follows: Paraffin. 
oil: p = 8.6°102 kg*m-3; n = 0.164 kgem-les-1; n = 1.4749; 
Veyonrc4.2 mN«m71, sodium dodecylsulfate (SDS) (product of Merck 
Ltd., Darmstadt, laboratory grade) purified by crystallization 
from benzene-ethanol mixtures (M = 288.3; oy = 8 mol*m-”), dodecyl- 
trimethylammonium bromide (DTAB) (product of Schuchardt, Muchen, 
laboratory grade) (M = 308.4; Cymem Lo mol*m73), hexadecyltrimethyl- 
ammonium bromide (HTAB) (product of Schuchardt, Munchen, laboratory 
grade) (M = 364.5; cy = 1 mol*m-3), nonylphenyldekaglycolether 
(Lerolat-100) (product of Bayer Inc., laboratory grade) (M = 660.9; 
Cy = 0.07 mol*m~3). The symbols are: 0p density, n viscosity, y 
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surface tension, M relative molecular mass, Cy critical micelle 
concentration. 


Capillaries were freshly made from Pyrex-capillaries using a 
Hewlett-Packard GC glass capillary column maker apparatus. They 


were pretreated by letting oil stream through them for 30 minutes. 
we 


Dynamic measurements were carried out by taking photographs 
with a Reichert ME-F type universal camera microscope and evaluating 
them to get the contact angles. The experimental setup is shown in 
Figure 4. The oil and aqueous phases were mutually saturated with 
each other prior to the measurements. 


Static contact angles were determined separately by measuring 
the contact angle of 100 mm3 (+2 mm?) drops of water and the solu- 
tions, respectively, that were placed on to a glass plate immersed 
in oil using a HVS microsyringe. 

The film stability was measured either directly in the capil- 
laries, by obserying the time needed for the breakdown of (oil or 
water) film, or in separate measurements carried out on glass 
plates of the same material. The latter method which is more 
accurate, consists of determining the time that elapses from 
placing water (or solution) drops of 100 mm? yolume on the surface 
until a sudden deformation of the drop shape takes place. This 
time is indicative of the rupture of the oil film due to gravity. 
The same deyice was used for the contact angle measurements. 


RESULTS AND DISCUSSION 


Water/oil systems: In this case, the flow is considered to 
be laminar, as Re,¢¢ = 0.4 is much less than Re. 4; = 1160 (Re = 
veR*o0/n is the Reynolds number). The linear flow rate as given by 
the Hagen-Poiseuille equation is 


From this, it follows that the relation v vs. ib/ eandeva vse AR) Th 
should be a straight line, as shown in Figures 5 and 6. 


The adyancing contact angle at the moving water front depends 
on how long the capillary wall was wetted by the oil phase prior 
to the measurement. The longer this time, the more probable is 
the attainment of adsorption and wetting equilibrium. This is 
shown by the experimental fact that the advancing contact angle 
increases with increasing time of previous contact. No time de- 
pendence of the contact angle was observed if this ">re-wetting" 
time exceeded 25-30 minutes. 
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Fig. 4. Experimental setup: (1) microscope with camera; (2) glass 
capillary tube; (3) pressure vessel; (4) pressure gauge; 
(5) buffer vessel. 
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Fig. 5. Linear velocity as a function of the inverse of the cap- 
illary length (R = 150 um, liquid: oil). 


At the receding side of the moving water front, one can almost 
always observe small oil droplets dispersed in the water plug as a 
result of the fountain effect. This effect, which is a consequence 
of the flow pattern demonstrated in Figure 3, is shown in Figure 7. 


Aqueous SDS solutions/oil systems: The interfacial tension 


of the solutions against oil and the corresponding capillary num- 
bers are summarized in Table 1. Static contact angles and the ad- 
vancing dynamic contact angles measured in capillaries as a function 
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Fig. 6. Linear velocity as a function of pressure gradient 
Ge = 1507 im, iiquiid: oii). 


Fig. 7. Fountain effect in the receding water-oil interface 
(iy = Ikss mm¢s~l), R = 150 um, direction of flow is shown 
by the arrow). 


of the SDS concentration are shown in Figure 8. The values for 

the advancing contact angle measured in capillaries and those cal- 
culated from Equation (1) agree with each other for SDS concentra- 
tions less than 0.5 cy within 14-24 percent. This corresponds to 
an error of 3-30 percent of data given in Reference 4. At higher 
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Table 1. SDS solution/paraffin oil interfacial tension (Ywo? and 
capillary number (Ca) as a function of SDS concentration 
relative to the critical concentration of micellization 


SDS Conc. Ywo_y 103+ca 
(c/cy) mNem.~. mae 
0 56.0 ft 
0.1 28.5 23 
On? 24.3 Deas 
0.5 17:0 3.9 
£0 i ee 556 
2.0 11.6 537 
5.0 11.0 6.0 
10.0 10.4 6.3 


surfactant concentrations this disagreement increases up to 67% 
and then, at a concentration of 10 cy, drops to 3224. 


The observed difference is likely to be due to the stability 
of the oil film. Figure 9 shows the advancing and receding con- 
tact angles measured in capillaries as well as the time of the 
breakdown of the oil film obtained from separate measurements on 
glass plates as described above. (The data are mean values from 
70-100 individual measurements.) As can be seen from Figure 9, 
the receding contact angle is practically independent of the surf- 
actant concentration, and it has a value of 27 + 1 degree. 


Aqueous DTAB solutions/oil systems: This surfactant was 


chosen, as the interfacial tensions of its solutions against oil 
are practically identical with those of SDS at the same concentra- 
tion (see Table 2), and this circumstance enables us to make con- 
clusions as to the effect of wettability, independently of other 
factors. 


The static contact angles measured on glass plates, the con- 
tact angles that were calculated from these values using Equation 
(1) and the advancing contact angles measured in capillary tubes 
are shown in Figure 10. The values for the "capillary" angle and 
the calculated ones are practically identical at concentrations of 
0.2 and 1.5 cy. For c/cy being less than 0.2, the difference is 
24%, it raises up to 125% between 0.2 and 1.5 ClO amounts to 60% 
for 1.5 < c/cy < 10, but drops to 16% at c = 10 cy as was found 
LOG SDS. cOOr 
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Fig. 8. The contact angle as a function of the SDS concentration; 
(@) advancing contact angle measured in capillary tube 
(R = 150 um); (ME) static contact angle; (A) contact 
angle calculated from Equation (1). 
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Advancing (@) and receding (A) contact angle as well 


as the time of the breakdown of the oil film (MB) as a 
function of the SDS concentration. 
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Fig. 10. The contact angle as a function of the DTAB concentra-— 
tion; (@) advancing contact angle measured in capillary 
tube (R = 150 um); (A) static contact angle; (Ml) con- 
tact angle calculated from Eq. (1). 


Table 2. DTAB solution/paraffin oil interfacial tension (Yyo) and 
capillary number (Ca) as a function of DTAB concentration 
relative to the critical concentration of micellization 


DTAB Conc. ie 103*Ca 
(c/cy) mNem71 = 

0 56.0 Nay 

0.1 29.0 

0.2 28.0 

0.5 18.0 

1.0 $1.0 

2x0 10.4 

5.0 10.0 ; 
10.0 9.6 6.8 
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We believe that the differences of the measured and calculated 
values arise from differences in the film stability. As is appar- 
ent from Figure 10, the two curves intersect each other at c/cy = 
1.5 which is very close to the concentration at which the film 
stability is at maximum. Figure 11 shows also the receding con- 
tact angles and one sees that these values are, as was found for 
SDS solutions, surprisingly invariant (38 + 2 deg.). 


Systems with HTAB and Lerolat-100: Measurements with these 
surfactants were carried out in order to get information on whether 


the finger-forming can be attributed primarily to the wettability, 
or to the interfacial tension. At a concentration of c = 10 Cy» 
HTAB renders the glass surface more hydrophobic than does DTAB, but 
the interfacial tension against oil of both solutions is practically 
the same (9.6 mNm-! for DTAB, and 9.0 mNm-! for HTAB). Lerolat-100 
in a concentration of 100 times the cy wets glass very well, but 

the interfacial tension against paraffin oil is 2 mNm= 1 only. 


Comparing the photos ‘a-and cof Fagure 12, it is obvious that 
a low interfacial tension is the necessary condition for "fingers" 
to form. On the other hand, the latter can occur to a consider- 
able extent only if the force needed for the adherent oil film to 
break down is small enough and so is the time available for the 
displacement. For instance, increasing of the flow rate results 
in a decrease of the contacting time, which leads to completion of 
finger-forming, see photo 12b. 


100 
DTAB 
f 
100 3 
— 
® 50 
50 
0 0 
0 01 0.2 05 1 2 5 10 
CE, 


Fig. 11. Advancing (@) and receding (A) contact angle as well 
as the time of the breakdown of the oil film (M) as a 
function of the DTAB concentration. 
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(a) 

(b) Ei 
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Fig. 12. Finger forming at the advancing water-oil interface: 
(a) 10 cy HTAB, v=0.5 mmes“t; (b) 10 cy HTAB, v=0.8 
mmes~l; (c) 100 c, Lerolat-100 v=0.4 mmes7l (R=150 um). 

M 
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For a HTAB solution of c = 10 Cy» cos 0 is negative, and so 
the value for AE (h) 6 calculated from Equation (3) is negative as 
well. On the other hand, sin 0 is positive and, therefore, AE(Q), 
calculated by using Equation (2) is positive, too. This means 
that AE(h)g being less than AE(O)},, the change in the liquid/liquid 
interfacial area is preferred to the displacement of oil by solu- 
tion from the solid surfage. 


In the case of Lerolat-100, both AE(h)6 and AE(O)1, have 
positive values but, since YL LB is low, these values are small. 
In other words, for this surfactant, the probability of the two 
changes is equally high. This explains why the finger forming is 
not so predominant as in the case of the rest of surfactants in- 
vestigated in this study. 


As to the fountain effect, it was found for HTAB and even for 
DTAB that a rather big difference of the viscosities of the two 
liquids is a necessary but not sufficient condition for this 
effect to occur. The necessary condition is given by a strongly 
hindered displacement of the oil in which case a practically com- 
plete disintegration of the front can take place as shown in 
Figure 13. 


Finally, the dependence on the surfactant type of the ad- 
vancing and receding contact angles in capillary tubes of various 
diameter, but at constant Reynolds number, has been studied as 
well (Figure 14). For distilled water, solution of SDS and HTAB, 
both of concentration of 10 cy, contact angle values were obtained 
as expected from Equation (1), i.e., the higher the capillary 
number, the greater the contact angle, except for Lerolat-100 of 
c = 100 cy for which the opposite is true. This cannot be ascribed 


Fig. 13. Dispersion of the receding water-oil front as a result 
of the fountain effect. (10 cy HTAB, v=0.5 mm*s7l, 
1 = ISO) Wiens) 
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Fig. 14. Dependence of the advancing and the receding contact 
angle on the radius of the Sep ara tube at the same 
Reynolds number (Re = 3.2*107%): (a) distilled water; 
(b) 10 cy SDS solution; (c) 10 cy HTAB solution; (d) 
100 cy Lerolat-100 solution. (Ca = Ca*l103; R = R+10°m). 


to the fact that the capillary number is in this case at maximum, 
because the range of capillary number studied in Reference 3, viz., 
4°107> to 36, includes this value. 
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THE INFLUENCE OF INTERFACIAL PROPERTIES ON 


IMMISCIBLE DISPLACEMENT BEHAVIOR 


C. E. Brown, IT. J. Jones and E. L. Neustadter 


New Technology Division 
BP Research Centre 
Sunbury-on-Thames, Middlesex, UK 


In order to obtain better understanding of displacement mecha- 
nisms of importance to oil recovery, a technique has been developed 
to study the immiscible displacement of a liquid/fluid system in 
capillaries of model geometry. Called the Interfacial Displacement 
Tensiometer, this technique enables measurement of the pressure 
changes accompanying displacement of a single interface. The ef- 
fects of discrete events, such as changes in pore geometry, can 
therefore be determined. From the pressure measurements, together 
with determination of the wettability, dynamic interfacial tensions 
can be calculated. The results presented are for a range of pure 
oil/aqueous phase systems; in particular effects due to the pres- 
ence of water soluble and oil soluble surfactants are examined. 

The results demonstrate that the surfactant systems possess high 
(dynamic) interfacial tensions during displacement, and the fac- 
tors controlling their values are discussed. In addition, it is 
demonstrated that highly visco-elastic interfacial films can con- 
tribute an additional resistance to displacement. 


INTRODUCTION 


In the development of Enhanced Oil Recovery (EOR) systems 
based on water flooding, the generation of a very low interfacial 
tension is often considered to be of paramount importance (1,2). 
However, it is also recognized that a system with a low interfacial 
tension is not by itself certain of success as an EOR process (3,4). 
Hence the measurement of an equilibrium (or steady state) inter- 
facial tension is a valuable screening test, but other parameters 
are also relevant to the dynamic process of oil recovery. This 
paper focuses attention on these dynamic processes. Its scope 
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is limited to consideration of the local microscopic immiscible 
displacement mechanisms in capillary size pores; thus interfacial 
properties dominate the overall system behavior. 


The development and optimization of chemical EOR systems can 
best be achieved on the basis of a good understanding of the mech- 
anisms by which oil is displaced from a porous matrix, and of the 
parameters which control those mechanisms. Better insight into 
the displacement processes is required than is afforded by "black 
box" experiments such as displacement tests in sand MACKS ets 
therefore necessary to carry out laboratory experiments concerned 
with specified system parameters, and to link the results of these 
experiments with displacement tests. The most commonly applied 
measurement used in this way is of interfacial tension, which is 
linked to displacement tests via intuitive conceptual models of 
the displacement process. Only relatively recently have systematic 
studies been undertaken (5) to test these models. 


Other properties have also been discussed in terms of their 
impact on oil recovery efficiency. Thus Reisberg and Doscher (3) 
demonstrated that formation of rigid interfacial film material 
may occur during displacement of a crude oil/water interface 
through a capillary of irregular bore, and suggested that such 
material may oppose displacement. In the same paper, the strong 
dependencies upon pH of crude oil/water interfacial tension and of 
the wettability of silica were shown, and a possible correlation 
between wettability and rigid film formation was suggested. Most 
importantly, the necessity of considering interfacial rheological 
effects in the context of the relevant wetting conditions within 
a porous medium was recognized. 


Possible effects of rigid interfacial films upon the displace- 
ment process have been discussed by Bourgoyne, Caudle and Kimbler 
(6), who concluded that oil recovery would be reduced by the pres- 
ence of rigid films if the porous medium were highly heterogeneous, 
but not if it were highly homogeneous. This result was rational- 
ized on the grounds that the films inhibited imbibition. Imbibi- 
tion is of key importance in a heterogeneous water-wet porous 
matrix at slow rates of displacement of oil by water. 


More recently, Slattery (7) has presented a theoretical de- 
scription of displacement through irregular shaped pores taking 
account of the interfacial tension and of the interfacial rheology. 
He concluded that the interfacial viscosities (dilatation and 
shear) do not influence entrapment of residual oil, but will be of 
importance in the displacement of residual oil by surfactant solu- 
tions (i.e. when the interfacial tension is low). 


The potential importance of hydrodynamic effects in the in- 
terfacial region and the paucity of information concerning them 
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has been highlighted by Dussan (8), who emphasized the importance 
of this topic to surfactant behavior. Blake, Everett and Haynes 
(9) had previously pointed out that immiscible displacement in 
even a single cylindrical capillary is associated with radial flow 
near the interface, so that a dynamic interfacial tension will 
apply. Blake et al. (9) reported measurements of displacement rate 
as a function of dynamic contact angle and pressure gradient for 
pure oil/water systems in a single cylindrical glass capillary. 
Capillaries of the same geometry were used by Hansen and Toong 
(10), who reported displacement phenomena other than the piston- 
like mode. Templeton (11) described the breakup of a crude oil/ 
water interface during displacement in a single capillary, and 
confirmed the applicability of Poiseuille's law in micron size 
capillaries. The present authors (12,13) have also studied dis- 
placement in single capillaries with crude oil/water systems. 


None of the above studies were able to give an instantaneous 
measurement of displacement pressure, and hence were unable to 
examine the effects of changes in capillary geometry. Studies 
using more complex geometries, such as thin section bead packs 
(14-16), haye given information on average pressure gradients and 
displacement patterns. The present study has developed a technique 
to measure the pressure changes accompanying discrete events as a 
single interface is displaced through a model capillary of varying 
dimensions. Preliminary results have been presented previously 
(17) for a number of crude oil/water systems; this paper describes 
the development of the technique to determine dynamic interfacial 
tensions during displacement, and presents results for a range of 
pure oil/aqueous phase systems both in the absence and the pres-— 
ence of surfactants. 


EXPERIMENTAL 


Interfacial displacement tensiometry (I.D.T.): The I.D.T. 
apparatus used is shown schematically in Figure 1. It consists of 
a capillary system mounted on the stage of a microscope (Vickers 
Instruments, model M41). The present capillary system is formed 
from three glass tubes fused together to form a single cylindrical 
tube. Thus this capillary comprises of one 50 mm length of 0.25 
mm bore radius section fixed between two 80 mm lengths of 0.5 mm 
bore radius sections. The choice of this particular geometry is 
explained later in this paper. The capillary system is housed in 
a rectangular cell with glass lid and base to enable transmitted 
light illumination and observation of the capillary via the micro- 
scope optics. The cell is filled with glycerol to compensate for 
refractive index effects of the curvature of the glass walls of 
the capillary (18). The cell is thermostatted to + 0.05°C by 
means of an external circulating control and heat exchanger within 
the cell. 
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Fig. 1. Interfacial displacement tensiometer apparatus 


Lateral movement of the microscope stage, and hence the cap- 
illary system, is recorded via a position transducer. By observa- 
tion of an interface within the capillary, and by maintaining it 
in the view of the fixed viewing optics, the displacement velocity 
can be directly determined. The interface can be photographed 
through the microscope optics, and the dynamic (or static) wetting 
angle measured (12,18). 


Fluid displacement through the capillary system is achieved 
by use of a syringe pump (Braun, Unita I) driving a 1 ml (Hamilton 
series 1000) syringe. This arrangement gives flow rates of 10°” to 
0.036 ml gol, constant to + 0.1%. The use of a larger syringe 
enables faster flow rates to be achieved. These flow rates cor- 
respond to linear displacement velocities in the narrow capillary 
from 0.003 mm s~1 upwards; Wea the Capillary Numbers (N,, = = nv/y) 
were in the range 10°~ to 107’ for most runs. This compares with 
the value N., ~* 10-6 associated with residual water flood satura- 
tion'in an oil reservoir. The syringe is connected*to the ¢apil= 
lary system by "Cheminert" PTFE tubes and fittings. 


An essential feature of the I.D.T. apparatus is the measure- 
ment of pressure at each end of the capillary system. The pressure 
at the outlet end is held constant, as it is connected to a reser- 
voir of effectively constant hydrostatic head. The pressure mea- 
surements are made by all stainless steel variable inductance 
transducers (EMI model SE 1150/WG) energized by oscillator/demodu- 
lator units. The pressure transducer outputs are fed to a twin 
channel flat bed potentiometric recorder. pine pressure measure- 
ments have a sensitivity better than 1 Nm 2 (0. 1 mm H90). 
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Hence the I.D.T. apparatus enables measurement of the volu- 
metric flow rate (Q), the displacement velocity (v), the dynamic 
contact angle (8) and the pressure changes (A) for the process 
of immiscible displacement in the capillary system. 


Interfacial tension measurement: Interfacial tensions were 
measured using the pendant drop method (19), and by use of a 


Wilhelmy plate in conjunction with an interfacial film balance 
£20)" 


Materials: The water was triply distilled from all glass 
equipment. The oils used were "Analar" or of equivalent standard. 
The toluene was treated by activated alumina to remove trace sur- 
face active impurities. The surfactants used were sodium dodecyl 
benzene sulfonate (SDDBS) supplied by Pfaltz and Bauer, sodium 
lauryl sulfate (SLS) ("specially pure") supplied by BDH, and sor- 
bitan trioleate (Span 85) supplied by Honeywill-Atlas. The surf- 
actants were used as supplied. Two proteins (Bovine Serum Albumin, 
BSA, and a-lactalbumin) were used as supplied by Sigma Chemicals. 


THEORETICAL 


For a single capillary of cylindrical symmetry with the geom- 
etry as indicated in Figure 2, the volumetric flow rate (Q) is 
Belated to the pressure difference. (P7 - Po) by the expression: 


ee BON, ALM S/T? - 1] + Ly f fy . 2y(A,)Cos0, ne 
1 2 1 4 4 a 
i *2 


where the symbols are defined by Figure 2. The interfacial tension 
(y(A,)) is a dynamic quantity, not necessarily equal to the equil- 
ibrium value; it is represented as being a function of the inter- 
facial area (Aj). Equation (1) is based on the following assump- 
tions: 


(i) The flow is laminar, and can be described by the 
Poiseuille equation. This has been shown to be a 
good assumption, even in micron size capillaries (11). 


(ii) The only pressure drop associated with the presence of 
the interface is that expressed by the Laplace equation. 
However, the interfacial tension is not necessarily the 
equilibrium one. 


(iii) The radius of curvature of the interface can be directly 
related to the bore of the capillary and the (dynamic) 
contact angle. This is so if the interface is of con- 
stant curvature, i.e., it is not distorted by the dis- 
placement, and capillary forces dominate grativational 
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effects. The latter can be represented as: 


¥ Cos. 8es> x (p, ~ p,8 (2) 


The condition expressed by equation (2) is met if the 
fluids are of equal density (Py Sa) 4 Kone atin be alts) (Abbe 
ficiently small.” This condition dictates the maximum 
bore capillary which may be used for a given pair of 
immiscible fluids. 


(iv) Pressure variation due to acceleration of fluid at the 
change of bore (Venturi effect) is neglected. This can 
be shown to be legitimate for the slow flow rates used 
in the present study. 


(v) Effects of interfacial rheology are not explicitly in- 
cluded, except insofar as a dynamic interfacial tension 
is a function of the dilatational viscosity and elas- 
eedtayee 


(vi) The possibility that the interface may give rise to an 
P y g 
intrinsic resistance to displacement (21) of the three 
phase line is not allowed for. 


(vii) Energy dissipation due to non-linear flow in the region 
of the interface is neglected. Again, this condition 
is appropriate to the slow flow rates employed in this 
study. If at these slow flow rates the capillary forces 
are far greater than the viscous forces as well as the 
inertial effects, equation (1) can be simplified to the 
Laplace equation: 


2V(CN Cosmo 
P..=P. = Rolls ieee ds (3) 
iL 2 i 
il 
Hence direct measurement of Pi, Po and 9 enables calcula- 


tion of y(A})- 


An expression equivalent to equation (1) can be written for 
the interface located in the capillary of bore radius ry. Elimi- 
nation of Q by combining these expressions, both taken in the limit 
Ne Lis gives the pressure drop (AP) associated with the movement 
of interface from one bore to the other: 


v¥(A,) Cos 9 ViCAe) mGosmG 
Loe pez ale ia es ee (4) 


To aT 


The I.D.T. apparatus enables determination of each of the variables 
in equation (4) as described in the following section. Hence the 
validity of the assumptions listed above can be tested, and values 
of the effective interfacial tension obtained during displacement 
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of an interface both into and out of a constriction. 


RESULTS OF INTERFACIAL DISPLACEMENT TENSIOMETRY EXPERIMENTS 


Pure oil/water systems: In order to evaluate the I.D.T. pa- 
paratus and confirm the applicability of equation (4) a number of 
model systems were examined. In these pure oil displaced distilled 
water to give a reproducible and stable dynamic contact angle 
(9 = 0°, measured through the aqueous phase). A typical I.D.T. 
trace is shown in Figure 3, which can be seen to be simple in 
shape, featuring pressure jumps as the interface passes through the 
changes in capillary bore. For ease of reference, displacement of 
the interface from the wider to the narrower bore is designated 
"narrowing flow," and displacement in the opposite direction 
"widening flow." For the model systems, both widening flow and 
narrowing flow gave rise to the same pressure jump within experi- 
mental accuracy. 


In the absence of surfactant species the interfacial tension 
will be constant (i.e., y(A}) = CSS Y, say). Therefore, Y can 
be calculated directly from the pressure jump using equation (4). 
These values are compared in Table 1 with directly measured inter- 
facial tensions. It can be seen that the values agree generally 
to within a spread of + 0.5m Nm71 for each of the separate tech- 
niques. No differences could be detected between the AP values 
corresponding to narrowing and widening flows. 


Direct measurement of the individual pressures (P, and Po) to 
enable use of equation (3) necessitates accurate absolute calibra- 
tion of the pressure transducers. A difficulty was that density 
differences of the oil and water phases affected the hydrostatic 
pressures within each transducer. Consequently the procedure 
adopted was to use the pressure transducer outputs for the pure 
oil/water system as the calibration points for subsequent runs 
with surface active agents present, as outlined in the following 
section, 


In order to confirm that the bulk viscosity has no appreciable 
effect, a paraffin oil of viscosity 10 cp was used. The shape of 
the I.D.T. pressure trace was of the standard form and the inter- 
facial tension calculated from the pressure jump was in agreement 
with the pendant drop value. The I.D.T. traces were independent 


of displacement velocity for the displacement rates used (0.03 to 
0.3 mm st), 


Pure oil/surfactant systems: In each case oil displaced the 
aqueous phase. Displacement in this direction ensured a constant 


zero contact angle (as measured through the aqueous phase) and 
corresponded to the advancing interface of an oil blob, as is of 
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AP (NARROWING FLOW) 


1__» 
100 
PRESSURE/Nm-~2 


Fig. 3. 1I.D.T. pressure trace; toluene displacing water. 


interest in mobilization of residual oil in enhanced oil recovery. 
The surfactants used were as follows: 


(i) Sodium dodecyl benzene sulfonate (SDDBS)--a selection of 
I.D.T. traces are shown in Figure 4 for toluene displacing 
SDDBS solutions over a range of concentrations. The 
effect of changes of displacement velocity was minimal 
over the range studied (0.02 mm s ~~ to 2 mm s~1) as shown 
by the traces in Figure 5. Values of interfacial tension 
calculated from the steady state values (or the maximum 
value attained in the sloping regions) of the I.D.T. 
traces are shown in Figure 6, together with equilibrium 
values measured by the pendant drop method. The sloping 
of the I.D.T. traces indicates that the interfacial ten- 
sion was not a constant in these runs; thus equation (4) 
cannot be applied with the simplifying assumption y(A}) = 
y(Ay), as was the case for the pure oil/water systems, 
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CONCENTRATION SODBS SOLUTION. 
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Fig. 4. I1.D.T. pressure trace; toluene displacing sodium dodecyl 
benzene sulfonate solutions. 
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Fig. 5. Toluene displacing 500 ppm sodium dodecyl benzene sulfo- 
nate solution; effect of velocity. 


described in the previous section. Direct application 

of equation (3) demands accurate absolute calibration of 
the pressure transducers. The procedure adopted was to 
adjust the reservoir to give a constant hydrostatic head 
(P5) for all runs. The variation in reading of the inlet 
pressure transducer between the reference and the test 
systems could then be used to calculate the interfacial 
tension at all points along the test system I.D.T. trace, 
using the toluene/water I.D.T. trace as a base line. 


Attempts to measure dynamic interfacial tensions for the 
SDDBS/toluene system using the film balance were unsuc- 
cessful, due to the appreciable solubility of the surf- 
actant in the oil phase. Thus the values of interfacial 
tension measured were dependent on the factors governing 
partitioning of the surfactant (principally phase volume 
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ratio and aging) rather than upon the expansion/compres- 
sion cycles imposed upon the interface. 


(ii) Sodium Lauryl Sulfate (S.L.S.)--I.D.T. traces for toluene 
displacing S.L.S. solutions over a range of concentrations 
are shown in Figure 7. Values of interfacial tension ob- 
tained from the,1.D.T. traces are compared in Figure 8 
with the equilibrium pendant drop values. 


(iii) Sorbitan trioleate (Span 85)--I.D.T. traces for toluene 
displacing Span 85 solutions are shown in Figure 9, and 
values of interfacial tensions obtained from these traces 
are compared with equilibrium pendant drop values in 
Figure 10. 


Pure oil/protein solution systems: The Interfacial Displace- 
ment Tensiometer was used to examine the effect of additives known 
to promote an appreciable interfacial rheology. The systems 
selected were Toluene/a-lactalbumin (100 ppm), toluene/BSA (100 
ppm), and nonane/BSA (100 ppm); these systems were expected to 
produce highly visco-elastic interfacial films. The BSA solution 
when displaced by either toluene or nonane (see Figure 11) gave 
rise to pressure jumps on the I.D.T. traces at points equivalent 
to entry and exit of the narrower capillary. These peaks indicate 
an increased resistance to displacement of the interface associated 
with its deformation and changes of extent. The maximum pressures 
are considerably in excess of those given by the pure oil/water 
reference system, also shown in Figure 11. 


The toluene/o-lactalbumin system did not show the same charac- 
teristic peaks on the I.D.T. trace as did the BSA systems. However, 
the pressure values were constantly in excess of the pure toluene/ 
water case. 


DISCUSSION 


Immiscible displacement in single capillaries: The Inter- 
facial Displacement Tensiometry results for the pure oil/water 
systems described previously demonstrate that the simple theory 
outlined earlier is capable of describing the experimental results 
satisfactorily. This approach extended to the surfactant solution 
systems results in measured values of interfacial tension, as 
described before. These tensions differ from their equilibrium 
values, so that a better understanding of their behavior is depen- 
dent on as full as possible analysis of the factors involved: 


Wettability 


In considering,the dynamic behavior of an oil/water interface 
during a displacement process, the wettability of the solid 
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Fig. 7. 1.D.T. pressure traces; toluene displacing sodium lauryl 
sulfate solutions. 
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forming the pore matrix is of prime importance. It is the 
wetting condition prevailing at the oil/water/solid junction 
which forms a boundary condition for both the interfacial 
area and extent. Hence, it controls the interface's rheology 
and the capillary pressure acting across it. 


For systems of simple geometry, with smooth solid surfaces, 
the wettability can often conveniently be characterized by 

a contact angle. The angle relevant to the present con- 
sideration is that which defines the radius of curvature of 
the interface. This may not correspond to the contact angle 
as considered at the sub-microscopic level, i.e., in the 
interphase region above the solid surface. The macroscopic 
contact angle has been shown (9,18) to be a function of dis- 
placement velocity, although the molecular basis for the 
behavior is not well understood. In the present experiments 
the displacement of the aqueous phase by the oil phase in 
clean glass capillaries ensured a constant zero contact angle, 
as measured through the aqueous phase. 


Changes in interfacial extent: In order to follow the geo- 


metric interfacial area changes associated with the changes of 
capillary tube radius, it is necessary to define the wettability 
of the system. Two classes of behavior can be defined, as follows: 
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Fig. 9. I.D.T. pressure traces; toluene solution of Span 85 dis- 
placing water. 
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Intermediate Wetting: 


This class considers cases in which the oil/water inter- 
facial extent is bounded by the three phase contact line, 
even if the contact angle is zero. Thus widening flow 
results in interface dilation, with the interfacial ten- 
sion either remaining constant (for systems with no surf- 
actant components) or increasing, 


Y(A,) 2 YA) 


Narrowing flow results in compression of the interface 
SOmtla ts 


y(A,) = ¥(A,) ~ 7, yA) 


where the film pressure (1,) is a function of the area 
reduction and (probably) of time. It has a zero value 
for pure systems with no surfactant components. 
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I.D.T. pressure traces; nonane displacing 100 ppm Bovine 
serum albumin solution. 


Completely Water Wet: 


In this case the interface is no longer bounded by the 
apparent three phase line of contact, since a thin 
aqueous film is interposed between the oil and the 
silica surface. Hence the effective oil/water interface 
is of much larger extent than the hemispherical cap. 
This leads to the important and somewhat counter- 
intuitive result that widening flow results in reduction 
of the geometric interfacial extent which forms the 
boundary of a given volume of oil. Conversely, narrow- 
ing flow results in interfacial expansion. 
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Hydrodynamic and interfacial flow: In addition to the wet- 


tability, the interfacial state is determined by hydrodynamics of 
the system. As noted previously (12) the flow profiles in the 
region of an interface during its displacement are not well known. 
It is these flows which affect the supply and/or depletion of surf- 
actant to the interface, as well as the flow of the interface 
itself. Two extreme cases can be envisaged: (a) a fully flowing 
interface, described by Dussan (8), which results from shear forces 
imposed on the interface by the interaction of the the two laminar 
flow profiles in the two liquid phases, (b) a non-flowing interface 
(12). A non-flowing interface would exhibit interfacial properties 
dependent on the time lapse since its formation and subsequent de- 
formations. A flowing interface would exhibit a dynamic value of 
interfacial tension, since fresh interface would be formed con- 
tinuously. 


At fast displacement velocities the aging of a flowing inter- 
face would be minimal, and the interfacial tension would approach 
a pure dynamic value.. This would not be strongly influenced by 
deformation of the interface. However, at rest such an interface 
would age, so that the aged properties would determine its initial 
mobilization. 


A key factor in the consideration of the interfacial movement 
is the mechanism by which the three phase line moves. The easiest 
mechanism to envisage is when the displacing phase moves over a 
thin film of the displaced phase, i.e., the three phase line is 
only apparent, as in the definition of completely water wet intro- 
duced above. For a real three phase contact line, molecular pic- 
tures have been attempted (22). Still uncertain is whether the 
displacement of the three phase contact line results in a resis- 
tance to the flow. Measurements reported by Jacobs (21) have 
suggested that the presence of surfactants is associated with me- 
niscal resistance to flow, although the mechanism is obscure. 


The extent to which interfacial material is conserved during 
displacement is therefore unknown. Possible behavior ranges from 
a fluid and flowing interface with material being continuously 
depleted and replaced, to a rigid interfacial structure. For the 
latter case, anchoring of interfacial material at the triple phase 
line may aid "plating out" of interfacial material onto the solid 
surface and loss of the rigid film material. For fluid interfacial 
films Marangoni effects may also result in loss of interfacial 
material. 


Liquid/liquid interfaces where surface active agents are 
present will display interfacial rheology different from that of 
the bulk phases. An analysis of the rheological properties of 
liquid/liquid interfaces, as opposed to the static properties such 
as interfacial tension, is essential in describing the behavior of 
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fluid interfaces where interfacial motion is involved. The dynamic 
properties of interfacial films can be divided into two classes. 
Firstly there is the ability of an interfacial film to resist being 
compressed or expanded (i.e., to resist the area of the film being 
changed). Secondly, there is the ability of the film to resist 
being sheared (i.e., to resist the shape of the film being de- 
formed). The first class gives rise to dilatational viscosities 
and elasticities whereas the second gives shear viscosities and 
elasticities. 


Clearly the factors briefly discussed above are interlinked, 
and a full analysis presents a formidable task even for the most 
simple of model geometries. The experimental results will there- 
fore be discussed essentially in qualitative terms at this time. 


Displacement of surfactant systems: The three surfactants 
selected do not give the ultra-low interfacial tensions of greatest 
interest to EOR, reflecting the limitations of the present I.D.T. 
equipment; lower interfacial tensions would require concomitantly 
smaller capillary dimensions. The three surfactants do cover a 
range of behavior, in that SLS is water soluble, SDDBS is water 
soluble with an appreciable oil solubility, and Span 85 is oil 
soluble. 


For each of the three surfactant systems, the interfacial 
tension values calculated from the I.D.T. traces are higher than 
their equilibrium counterparts as measured by the pendant drop 
method. This holds true even when the interface is subject only 
to displacement, rather than expansion or compression; this is 
shown in Figures 6, 8 and 10, where steady state dynamical inter- 
facial tension values are shown. These values are obtained from 
the constant linear parts of the I1.D.T. traces, or from the last 
part of the central (small capillary) section of the trace in 
those cases where it is not certain that the trace had yet reached 
its plateau (steady state) value. 


A notable feature for each of the systems studied is that the 
interfacial tension increases as the interface progresses along 
the smaller section of capillary. The rate of increase is largely 
independent of displacement velocity (Figure 5); hence the conclu- 
sion that this increase is a function of the displacement within 
the capillary, rather than being a relaxation towards a steady 
state following the deformation of the interface upon the change 
of capillary bore. None of the I.D.T. traces show features di- 
rectly identifiable as being a function of the actual changes in 
bore, i.e., the y values immediately before and after each pressure 
jump are in agreement as far as can be determined. It can there- 
fore be concluded that the dynamics of interface displacement 
dominate any effects of interfacial expansion or compression im- 
posed by changes in geometry. 
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The dynamic interfacial tension can be related to the frac- 
tional change in interfacial area by the dilatational modulus (e€), 


which, in the absence of relaxation processes, is simply given by 
(23)4 


wy, = °[ 4] (5) 


where dy denotes the change in tension from the equilibrium value. 
Relaxation processes which could be present include changes in con- 
figuration of adsorbed molecules, flow of surfactant in the inter- 
face along the cylindrical film, and control of supply of surfact- 
ants to the interface by diffusion and hydrodynamics. 


For the present geometry of a hemispherical interface and 
zero contact angle, equation (5) can be rewritten as: 


* 


eV (dt) edh 


anes EE 


(6) 
assuming that generation of fresh interface occurs only at the 
hemispherical cap. This relationship indicates that the deviation 
from equilibrium interfacial tension is an inverse function of the 
capillary radius, and is not directly dependent on the displacement 
velocity (V) but rather upon a perturbation length, d%. The 
results for the present systems support these general conclusions 
that the dynamic interfacial tension is dependent on the capillary 
bore, but is not strongly dependent on the displacement velocity. 
The latter point is demonstrated by Figure 5, in which scanning 

a fifty fold change in displacement rate produces a systematic but 
gradual change in interfacial tension. The results in Figure 5 
are for 500 ppm SDDBS, at which concentration variations can be 
most sensitively detected. Hence the sloped sections of the I.D.T. 
traces do not solely arise because of the increased displacement 
rate in the smaller capillary. 


Definition of the so-called perturbation length (d%) imme- 
diately prompts re-evaluation of the assumptions made in construct- 
ing equation (6); for complete water wet systems the interface is 
not limited to the hemispherical cap, but extends as a cylindrical 
film. The effect of surfactant migration along this film should 
be distinct for the water soluble surfactant case (surfactant 
being depleted from the hemispherical part of the interface along 
the cylindrical film) and for the oil soluble case (surfactant 
being supplied to the hemispherical region of the interface from 
the cylindrical film). The possible range of behavior is sche- 
matically shown in Figure 12. However, the I.D.T. traces for the 
systems presented do not reveal any differences which can be 
clearly ascribed to such an effect at present. 
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Fig. 12. Surfactant supply and depletion; oil displacing water. 
(a) water soluble surfactant; (b) oil soluble surfactant. 


The I.D.T. traces are sensitive to surfactant concentration. 
It therefore appears that the value of interfacial tension most 
directly depends on the supply of surfactant from the bulk to the 
interface, with a dynamic balance being obtained between the hydro- 
dynamic supply and the surfactant depletion as fresh interface is 
formed. The similarity of the I.D.T. traces for the three surf- 
actant systems suggest that the effects of non-equivalent flow in 
the displaced and displacing phase are of secondary importance. 
However, the sloped I.D.T. traces in the smaller bore capillary 
do indicate that hydrodynamic supply/depletion of surfactant is 
not the only factor. A hydrodynamic steady state would be ex- 
pected to be attained quickly; this conclusion is supported by the 
constancy of y values on each side of the changes of bore. There- 
fore at least one other controlling mechanism is operating, such 
as depletion of the surface subphase by surfactant diffusion, al- 
though no major changes are observed when the surfactant bulk con- 
centration exceeds the c.m.c. In the present geometry the inter- 
facial area to volume ratios are too small to result in a signifi- 
cant reduction of the bulk surfactant concentration. 
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Displacement for enhanced oil recovery: The results for the 
model systems presented in this paper demonstrate that the effects 


of dynamic interfacial tension and of interfacial rheological re- 
sistance to deformation induced by displacement can occur during 
immiscible displacement at flow rates relevant to oil recovery. 

For displacement in real systems of complex geometry, interfacial 
movement would proceed epigodically, rather than in the smooth 
manner in the present experiments; thus individual interfacial re- 
arrangements would be significantly faster than the average dis-— 
placement rate. For this type of movement it is to be expected 
that dynamic interfacial tension effects are of greatest importance 
during the flowing or displacement stage. Interfacial rheology 
will be significant, on the other hand, during initial mobiliza- 
tion, since the film structure required to give rheological resis-— 
tance to flow will be most developed after aging. Results obtained 
using the I.D.T. technique (17) with crude oils have shown that 

the interfacial tension value applicable to displacement corre- 
sponds to that of a freshly formed interface, and that crude oil/ 
water systems of markedly different interfacial rheological charac- 
teristics display no detectable differences in behavior. 


The effect of a dynamic interfacial tension will be to increase 
the probability of a moving oil blob being trapped. The overall 
kinetics of blob entrapment and mobilization which depend on the 
dynamics of interfacial tension variation will determine whether or 
not the blobs will aggregate; this will be a key factor in forma- 
tion and stabilization of an oil bank. In addition, any inter- 
facial rheological resistance will reduce the probability of mobi- 
lization, and of drop coalescence during oil bank formation. The 
quantitative assessment of interfacial dynamic properties is there- 
fore of major importance in the development and optimization of 
chemical EOR systems. 


CONCLUSIONS 


1. A novel method enables determination of dynamic interfacial 
tension values for a system undergoing immiscible displacement. 


2. For toluene displacing water in the presence of surfactants 
dynamic interfacial tensions have been measured. The dynamic 
tension values are dependent on the concentration of surfactant, 
are inyersely dependent on the capillary bore, but show only a 
weak dependence on displacement rate. 


3. The dynamic interfacial tensions for surfactant systems are 

not appreciably varied by changes in the geometric extent of the 
interface per se; that is, the interfacial dynamics due to dis- 

placement dominate the changes induced by geometry variation. 
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4. Highly visco-elastic interfacial films can reveal additional 
resistance to the deformations associated with displacement. 


5. The dynamic interfacial tensions for the surfactant systems 
studied show the same behavior patterns both for oil soluble and 
water soluble species. This suggests that the effects due to non- 
equivalent flow patterns in the ee and displacing phases 
are of secondary importance. 


6. Slow attainment of steady state values of dynamic interfacial 
tension indicates that diffusion as well as hydrodynamic factors 
determine the value attained. 


7. A complete screening of an EOR surfactant must include deter- 
mination of the kinetics of interfacial tension changes in addi- 
tion to their equilibrium values. Considerable work remains to 
be done to characterize dynamic processes such as oil droplet 
mobilization, entrapment and oil bank formation. 
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EFFECT OF ALCOHOLS ON THE EQUILIBRIUM PROPERTIES 


AND DYNAMICS OF MICELLAR SOLUTIONS 
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C.N.R.S., Centre de Recherches sur les Macromolécules 
6 rue Boussingault 
67083 - Strasbourg Cedex, France 


The addition of alcohol (ethanol to hexanol) to micellar solu- 
tions of alkyltrimethylammonium bromides results in a decrease of 
eme and of micelle molecular weight, and in an increase in the 
degree of ionization of micelles, at detergent concentration close 
to the cmc. Moreover the relaxation times for the exchange of de- 
tergent ions between micelles and surrounding solution and for the 
micelle formation-dissolution become: much shorter (labilization of 
the micelles) upon addition of the alcohol. The degree of ioniza- 
tion of alkyltrimethylammonium bromide micelles in water-alcohol 
mixtures goes through a minimum when plotted as a function of the 
alkyl chain length. The various results have been interpreted in 
terms of the effect of solubilization of alcohol in the micelle 
palissade layer on the micelle surface charge density. 


INTRODUCTION 


Microemulsions have recently aroused considerable interest 
owing to their potential uses, most notably in tertiary oil re- 
covery (1,2). These systems are generally made of water (or brine), 
surfactant, cosurfactant and oil. They appear as monophasic, stable 
and transparent or slightly translucent systems. The nature of 
microemulsions and origin of their stability is still a matter of 
discussion (3-7). Likewise, the role of the cosurfactant which, in 
most instances, is a short chain alcohol (propanol to hexanol) is 
still unclear (7). 


We have tried to contribute to the understanding of the role 


of alcohol in microemulsions by systematically studying the effect 
of alcohol on the equilibrium properties (critical micellization 
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concentration, the degree of ionization of micelles, and micelle 
molecular weight) of micellar solutions as well as on their dy- 
namics (8) (kinetics of the micelle formation-dissolution, and of 
the exchange of amphiphilic ions between micelles and surrounding 
solution). The purpose of this paper is to report the results 
obtained in the course of this study, and the preliminary conclu- 
sions reached thus far. 


MATERIALS AND METHODS 


The measurements were performed on alkyltrimethylammonium 
bromides, RN*(CH3) 3 Br~ with R = octyl, decyl, dodecyl, tetradecyl 
and hexadecyl. These detergents were selected because they are 
easily synthesized and because commercially available bromide ion 
specific electrodes can be used to probe their micelle forming 
properties. 


The cmc and micelle ionization degrees near the cmc (9) were 
determined by emf measurements using a specific bromide ion elec-— 
trode (Orion 9435), in conjunction with a double junction reference 
electrode (Orion 9002) and a millivoltmeter (Orion 701A). Some 
determinations were also performed by means of conductivity. It 
was noted that emf measurements yielded cmc values slightly lower 
than eh obtained from the equivalent conductivity vs. (concen- 
tration)> 2 plots. This, however, is of no importance in this work 
where we are only interested in relative changes. 


In aqueous solutions the micelle molecular weights were deter- 
mined by light scattering using a Fica 50 instrument and a Brice 
Phenix refractometer for the index of refraction increments. In 
the presence of added salt the micelle molecular weights were deter- 
mined by membrane osmometry (High speed osmometer Mechrolab type 
502). As in studies by other investigators (10,11) a micellar 
solution with a concentration well above the cmc was used in the 
solvent compartment, in order to slow down diffusion. The cellulose 
acetate membranes (B19, from Sartorius, Gottingen, W. Germany) used 
in the present investigation did not permit measurements of micellar 
weights below 10,000. 


The dynamic studies involved measurements of the relaxation 
times of the systems by means of the ultrasonic absorption, T-jump 


and shock-tube apparatuses used in previous investigations (8,12, 
13})) < 


RESULTS 


Figure 1 shows the changes of cmc and ionization degree a near 
the cmc, for tetradecyltrimethylammonium bromide (TTAB) in mixtures 
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of water and l-alcohols of increasing chain length (ethanol to 1- 
hexanol). The primary effect of alcohol additions is always a 
decrease of cmc, even for ethanol. For short chain alcohols, how- 
ever, the cmc goes through a minimum and increases at higher alco- 
hol content. Similar results have been reported by other workers, 
for other detergents, such as sodium dodecylsulfate (14-17) and 
hexadecyltrimethylammonium”*bromide (17). The changes of @ show a 
simpler behavior than that of the cmc: in all instances a increases 
with the alcohol content. The results however demand three remarks. 


First, the change of cmc is opposite to what is expected on 
the basis of the observed increase of @ upon addition of alcohol. 
Indeed, for a given alkyl chain length the cmc of detergents de- 
ereases-as the ionic character decreases. Here, © increases, i.e., 
the ionic character increases and the cmc decreases. 


Second, @ increases to values close to 1 at sufficiently large 
alcohol concentration ROH (3.5M propanol or 0.88M butanol). Such 
a result cannot be understood if the micelle retained the same 
aggregation number as in the absence of alcohol because the elec- 
trostatic repulsions would become much too strong for the micelle 
to be stable. This result suggests that micelles undergo a drastic 
reduction of molecular weight. This conclusion is confirmed by the 
results presented below. 


Finally, it can be seen that the Q-curves run almost parallel. 
Each curve can be obtained from the preceding one by a translation 
along the concentration axis corresponding to a concentration ratio 
of about 3. The same ratio has been obtained in studies of the 
partition of alcohol between micelles and surrounding solution (14, 
18). The observed changes of a thus appear to be caused by the 
dissolution of the alcohol into the micelle and not by some modi- 
fication of the water structure due to the added alcohol. 


The results shown in Figure 2 indicate an increase of a, and 
cmc with temperature. The change of 4, however, is much smaller 
than that obtained upon addition of alcohol. The increase of @ in- 
dicates that the reaction by which a bound Br7~ dissociates from a 
micelle is endothermal. This result is unexpected, as the reaction 
of dissociation of an ion-pair made of oppositely charged ions is 
usually exothermal when only electrostatic interactions are in- 
volved, and when the ion-pair is of the outer-outer sphere type 


(CDE 


Figure 3 shows the changes of cmc and © near the cmc for alkyl- 
trimethylammonium bromides of increasing chain length in water; 
water + 1.18M propanol; water + 0.5M butanol and water + 0.15M 
pentanol. The alcohol contents have been selected in order to have 
about the same value of a for TTAB in the three water-alcohol mix- 
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10 


Fig. 1. Tetradecyltrimethylammonium bromide at 25°. Variation of 
emc (lower curves) and ionization degree (upper curves) 
with the concentration c of l-alcohols: (@e) ethanol; 
(x) propanol; (@) butanol; (4+) pentanol; and (0) hexanol. 


15 25 2S) 45 


Fig. 2. Tetradecyltrimethylammonium bromide in water. Variation 
of cmc (+) and a (0) with temperature. - 
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tures. From the results of Figure 1 these compositions closely 
correspond to systems where the number of alcohol molecules per 
micelle of a given detergent is practically constant, independently 
of the alcohol chain length. © Straight lines have been found for 
the four solvent systems. However, while the lines for water and 
the water-propanol mixtures run parallel, their slope is clearly 
smaller than those for the’ water-—butanol and water-pentanol mix- 
tures. This may indicate that the alkyl chains of butanol and 
pentanol are long enough to reach the micellar core, thereby af- 
fecting both the electrostatic and hydrophobic contributions to 
micelle formation. The propanol chain would be too short to reach 
this core and this alcohol would only act on the electrostatic 
contribution to micelle formation. 


Figure 3 also shows that the © vs. m curves for the three al- 
cohols are almost coincident, within the experimental error, as to 
be expected from the choice of compositions of the alcohol-water 
mixtures. These curves, however, differ considerably from that in 
pure water and in particular show a minimum at around m = 10-12. 
The @ vs. m curve for water shows a continuous decrease as m is 
increased. Similar, though less complete, results have been re- 
ported by other workers for alkyltrimethylammonium bromides (20, 
21) and sodium alkylsulfates (22). This decrease is usually at- 
tributed to an increase of the micelle surface charge density with 
m, which results in a decreased ionization. In alcohol-water mix- 
tures the @ vs. m curves also show a decrease at low values of n, 
then another effect appears to be involved which changes the varia- 
tion of a. Most likely this effect is related with the amount of 
alcohol solubilized by the micelles. Indeed, the © values are ob- 
tained near the cmc. As the emc decreases exponentially upon in- 
creasing m, the amount of micelles present in a given alcohol-water 
mixture also decreases exponentially. Therefore the relative 
amount of micelle solubilized alcohol will increase rapidly with m. 
This, we believe, causes the upturn in the change of a with m (See 
Discussion Section). 


Figure 4 shows the TTAB micelle molecular weight My at the 
emc, in various water-alcohol mixtures, as obtained from light 
scattering. The changes are very important. In fact, micelle 
formation appears to be prevented in water-0.2M pentanol, where 
the intensity of scattered light showed no change up to detergent 
concentrations of 10 “M. These large decreases of M, upon increas— 
ing alcohol concentration explain the values of a close to 1 found 
at high alcohol content. It should be noted that the numerical 
values of My in Figure 4 have not been corrected to account for the 
binary nature of the solvent (23). This however will not quali- 
tativeiy affect the observed variations of My. 
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Fig. 3. Alkyltrimethylammonium bromides at 25° in H50 (e,@); 
Hj0-1.18M propanol (VW): H50-0.5M butanol (A, A); and 
Hj0-0.15M pentanol (x,X). Variation of cmc (e,V,A,x) 
and a (@,V7,A,X) as a function of the number m of 
carbon atoms in the alkyl chain. 


ig. 4. Tetradecyltrimethylammonium bromide at 25°. Effect of 
alcohols on the micelle molecular weight, as determined 
from light scattering: (@) butanol; (+) pentanol; and 
(OC) hexanol. 
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Molecular weights determinations have also been performed by 
means of membrane osmometry in the presence of added salt: 0.025M 
KBr for hexadecyltrimethylammonium bromide (CTAB) and 0.1M KBr for 
TTAB (24). Butanol has been found to decrease the molecular weight 
of CTAB and TTAB micelles from 50,000 in the absence of alcohol to 
less than 10,000 at about 0.5M butanol. Thus both in the absence 
and in the presence of salt, butanol brings about a reduction of 
micelle molecular weight. With pentanol the changes of molecular 
weight are more complex. Whereas Figure 4 shows a decrease of My 
upon addition of pentanol, the presence of 0.1M KBr results in a 
My VS. Cpoq curve going through a maximum as high as 150,000 (24). 
These surprising changes of My have been confirmed by measurements 
of micelle hydrodynamic radius by means of quasi-elastic light 
scattering (24). 


We finally show in Figures 5 and 6 two sets of typical results 
concerning the effect of alcohol on the dynamics of micellar sys- 
tems. The change of the relaxation time 1, for the exchange of 
monomer between micelles and surrounding solution (8,25) for CTAB 
in presence of various alcohols is shown in Figure 5. In all in- 
stances, T, decreases, that is the exchange occurs faster, upon 
addition of alcohol. The curves are very similar to those relative 
to the changes of a with Cpoq: The changes of Q@ and T, have ob- 
viously the same origin, that is the dissolution of alcohol into 
micelles. Figure 6 shows a dramatic decrease of the relaxation 
time T, associated with the micelle formation-dissolution equilib- 
rium (8, 25) upon addition of pentanol. This decrease indicates an 
increased lability of the micellar structure as more and more al- 
cohol is incorporated. 


DISCUSSION 


The main points to be discussed are the decrease of cmc, the 
increase of Q and the decrease of er and T 9 upon addition of alco- 
hol, and the @ vs. m curves at constant alcohol concentration. 


For this purpose we first examine the effect of micellar dis- 
solution of alcohols on micelle stability. This can be conveniently 
done by means of the schematic representation of part of an alcohol 
+ detergent mixed micelle shown in Figure 7. It has been assumed 
that alcohol molecules dissolved into micelles have their hydroxyl 
group at the micelle surface or in the palissade layer (this may 
not be always the case, as is discussed below). The first effect 
of the dissolved alcohol molecules is a steric effect. Indeed 
alcohol molecules intercalated between ionic head groups may push 
them farther apart than in the absence of alcohol. This would 
result in a decrease of the surface charge density and a release 
of counterions, that is an increase of a. This steric effect may 
not be too important as long as not too many alcohol molecules are 
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Cetyltrimethylammonium bromide 2.2 x 1073 at 24°. Varia- 
tion of the relaxation time T, for the exchange process 
upon addition of alcohol: (A) methanol; (e) ethanol; (x) 
propanol; (®) butanol; (+) pentanol and (0) hexanol. Note 
the similarity between these curves and those relative to 
the change of a with Cpogy. The tT, values were measured by 
means of the shock-tube device at the laboratory of Prof. 
Hoffman (Bayreuth, W. Germany). 
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Variation of the reciprocal of the relaxation time tT, for 
the micelle formation-dissolution process upon addition of 
pentanol to 0.1M TTAB (+) and 0.1M tetradecylpyridinium 
bromide (e) solutions in water at 25°. (The measurements 
were performed by means of T-jump; Eosine was used as a 
probe for the relaxation process in TTAB solutions (see 


C.. Tondre, J. Lang and RR.” Zana, J. Colloid Intertaee 
spose eC PPG hs Diy) 
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Fig. 7. Highly schematic representation of an exploded view of a 
part of the mixed micelle (detergent + alcohol) close to 
the micellar surface (@: detergent head group; @: hy- 
droxylic group;C: counterion). The shaded area cor- 
responds to the micelle hydrophobic core. For the sake 
of clarity the alkyl chains have been represented as 
linear. The two dotted lines delineate the palissade 
layer which contains the detergent head groups, the hy- 
droxylic groups and water. The insert shows the projec-— 
tion of the micellar surface on a plane. For the sake 
of clarity, the detergent head groups have been arranged 
in a planar square lattice, instead of an hexagonal one. 
The head groups cover a certain surface area, but there 
may still be enough space between adjacent groups for 
hydroxylic groups. 


incorporated into micelles. Indeed, the surface area per trimethyl- 
ammonium head group at the micellar surface is of about 80k2, while 
the area covered by the head group is about 40A2. On the other 
hand, the surface area of the hydroxylic group is less than 1042, 
therefore for the alcohol one has to consider the surface of the 
eress section of the alkyl chain, i.e., 20A2 rather than that of 

the OH group. In any case, there is ample surface area not covered 
by the head group for the intercalation of one alcohol molecule per 
detergent ion. 


The second effect of solubilized alcohol molecules is the 
change of local dielectric constant €) in the palissade layer, due 
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to the replacement of water molecules by alcohol molecules. The 
values reported for €, range from 40 to 50 (26), that is larger 
than the bulk dielectric constant of alcohols including methanol. 
The replacement of water by alcohol will therefore bring about a 
decrease of €9, resulting in increased electrostatic repulsions 
between ionic head groups. This in turn will cause some detergent 
ions to dissociate from the micelles, thereby reducing the deter- 
gent aggregation number, and also. the surface charge density since 
the overall process amounts to the replacement of detergent ions 
by alcohol molecules. As a result a increases. Note that the 
decrease of €, associated with the dissolution of alcohol into 
micelles has received some support in experiments using pyrene as 
a fluorescence probe (27). The polarity sensed by micelle- 
solubilized pyrene was found to be decreased by the addition of 
alcohol to the micellar solution. 


There is a third effect which may also contribute to the ob- 
served changes caused by the addition of alcohol. It is the in- 
creased molecular disorder in the palissade layer of the mixed 
alcohol + detergent micelles, with respect to the situation in 
the absence of alcohol (28). 


The first two effects that have been described provide us with 
a simple explanation for the decrease of molecular weight and in- 
crease of & upon alcohol addition. They also explain the decrease 
of cmc, which now appears to be the result of the lower charge 
density of the mixed alcohol + detergent micelle, with respect to 
the pure detergent micelle (the repulsions being less strong, the 
micelles start forming at lower concentration). These effects 
also permit us to explain the presence of a minimum on the Q vs. 
m curves of Figure 3. For the reason given above, in the absence 
of alcohol, a decreases as m increases. In presence of alcohol 
this effect is still operative but there is also an increase of 
ionization caused by the micellar dissolution of alcohol. This 
last effect becomes rapidly predominant because at detergent con- 
centration close to the cmc, the number of micelles in the system 
decreases exponentially, just like the cmc, as m is increased. 
There are therefore less and less micelles to solubilize alcohol, 
and at constant Crop? the amount of solubilized alcohol per mi- 
celle increases, and the micelle becomes more and more ionized, as 
as m is increased. 


The complex changes of molecular weight of TTAB micelles in 
H,0-0.1M KBr upon addition of pentanol may be explained in terms 
of a distribution of alcohol between different micelle solubiliza- 
Eston Ssheesy dig H»50, the alcohol may essentially be dissolved in 
the palissade layer, thereby decreasing the molecular weight by 
the effects discussed above. In H,0-0.1M KBr, pentanol is salted 
out of water and may preferentially dissolve into the micelle 
hydrophobic core, thereby increasing the micelle molecular weight. 
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When the core is saturated the pentanol may start dissolving into 
the palissade layer, thereby causing a decrease of molecular weight 
by the effects discussed above. 


We now turn to the kinetic results. Aniansson (29) has recent- 
ly reported an extension to mixed micelles, made out of two deter- 
gents, of his theoretical treatment of the kinetics of simple 
micellar systems (8,25). The expressions given for T, and To can 
be used to qualitatively assess the effect of alcohol on these 
relaxation times, since the alcohol molecules can be considered to 
form mixed micelles with the detergent. The ratio C_/eme , where 
C,, is the micelle concentration, appears in the predominant term 
in Aniansson's equation for 1/T,. At constant detergent concentra- 
tion, close to the cmc, an addition of alcohol brings about an in- 
crease of C._ and a decrease of cmc. The ratio C,,/emc, and thus 
1/T, should increase with the alcohol concentration, as is indeed 
observed. 


The expression of Ty) is much more complex than T, and its 
dependence on alcohol concentration cannot be simply assessed. 
However for a qualitative discussion, we recall that 1/T» is pLro= 
portional to (cmc)* ~~ (8), where r is the number of amphiphilic 
ions constituting the associated species at the minimum of the 
micelle size distribution curve, and which may be considered as 
micelle nuclei (8). The value of r for normal detergents, in the 
absence of alcohol, is of about 10 (8,30). In previous studies 
rapid changes of 1, have been explained in terms of changes of 
cme and r (31). A similar explanation is likely to hold for the 
effect of addition of alcohol on T9> but the situation may somewhat 
be more complex as alcohol may also be incorporated to micelle 
nuclei. If we neglect this effect, take r = 10 and consider the 
effect of 0.1M pentanol on the To of a 0.1M TTAB solution, one is 
led to assume a decrease of r from 10 to 6 to explain the observed 
decrease of To, as the cmc is decreased by a factor of 2 upon addi- 
tion of 0.1M pentanol. 


It should be noted that the exchange of alcohol between the 
mixed micelles and the surrounding solution also gives rise to a 
very fast relaxation process (in the 10-100 ns range) which has 
been investigated separately (32). Aniansson's theory for mixed 
micelles predicts this very fast process and gives the expression 
of the corresponding relaxation time. 


A quantitative analysis of the above kinetic results on the 
basis of Aniansson's theory of mixed micelles is not possible at 
the present time because it requires the knowledge of such quan- 
tities as the total micelle molecular weight at every concentra- 
tion of alcohol and detergent, and the micelle composition. Work 
is now in progress in our laboratory in order to determine these 
quantities. 
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CONCLUSIONS 


The effect of alcohols on dilute micellar solutions is to de- 
crease the cmc and micelle molecular weight and to increase the 
micelle ionization. Also, the exchange of detergent ions between 
micelles and surrounding solution and the micelle formation- 
dissolution are strongly accelerated upon addition of alcohol 
(micelles become more labile in presence of alcohol). All these 
variations can be explained on the basis of the effects associated 
with the dissolution of alcohol into micelles, leading to mixed 
alcohol + detergent micelles. 


The extreme labilization of micellar structure caused by the 
addition of alcohol may reflect the molecular disorder at the 
micelle-solution interface, due to the presence of chains of dif- 
ferent lengths (28). It may be responsible for the much faster 
equilibration of detergent + oil systems in the presence of alco- 
hol, with respect to what is observed in the absence of oil. This 
faster equilibration is one of the reasons of the addition of al- 
cohol to detergent + oil systems in tertiary oil recovery. 
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THE EFFECT OF ALCOHOL ON SURFACTANT MASS TRANSFER ACROSS 


THE OIL/BRINE INTERFACE AND RELATED PHENOMENA 


M.Y. Chiang* and D.O. Shah 


Departments of Chemical Engineering and Anesthesiology 
University of Florida 
Gainesville, Florida 32611, U.S.A. 


The effect of alcohol on surfactant mass transfer from bulk 
solution to the oil/dilute micellar solution interface was studied. 
Various interfacial properties of the surfactant solutions and 
their ability for displacing oil were determined. For the 
surfactant-oil-brine systems studied, the interfacial tension (IFT) 
and surfactant partition coefficient did not change when isobutanol 
was added to the following systems: 0.1% TRS 10-410 in 1.5% NaCl 
vs. n-dodecane and 0.05% TRS 10-80 in 1.0% NaCl vs. n-octane. On 
the other hand, the interfacial viscosity, oil drop flattening time 
(i.e. the time required for an oil droplet to flatten out after 
being deposited on the underside of a polished quartz plate sub- 
merged in the micellar solution) and oil displacement efficiency 
were influenced markedly by the addition of alcohol. 


In the presence of isobutanol, the oil/dilute micellar solu- 
tion interface became more fluid and the flattening time decreased 
from 90 seconds to less than a second or 420 seconds to less than 
a second, and the final oil saturation decreased from 30% to 5.36% 
and 11.73% to 1.28% respectively for the two systems mentioned 
above. Furthermore, it was observed that after the arrival of the 
oil bank, the AP leveled off for the isobutanol containing systems, 
whereas it continuously increased for the systems without isobuta- 
nol. This observation is consistent with the proposed role of 
alcohol in lowering the interfacial viscosity and promoting coales- 
cence of oil ganglia in porous media. 


* 
Present Address: Dr. M. Y. Chiang, American Can Company, 
Post Office Box 50, Princeton, New Jersey 06540, U.S.A. 
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Tne flattening time was strikingly lower for the surfactant + 
alcohol system as compared to the flattening times in the presence 
of the surfactant or alcohol alone in the brine, suggesting that 
the rate of achieving ultralow IFT at the oil/micellar solution 
interface is strikingly enhanced by the presence of isobutanol 
resulting in greater oil recovery. 


In order to delineate the effect of surfactant mass transfer 
on in situ behavior of oil ganglia, we carried out several oil dis- 
placement experiments using equilibrated and nonequilibrated oil/ 
micellar solution systems. For equilibrated systems, the oil dis- 
placement efficiency showed an excellent correlation with IFT and 
capillary number. However, for unequilibrated systems, the oil 
displacement efficiency depended on salinity. Below optimal salin- 
ity, the oil displacement efficiency almost remained the same for 
both equilibrated and nonequilibrated systems, whereas at and above 
optimal salinity the oil displacement efficiency was higher for 
nonequilibrated systems as compared to equilibrated systems. This 
was attributed to mass transfer rate effects in these systems. 

Both sandpacks and Berea cores gave similar results. The results 
of this study demonstrate the importance of transient phenomena at 
oil/dilute micellar solution interface for oil displacement process 
with emphasis on the effect of alcohol and salinity. 


INTRODUCTION 


Laboratory studies on oil displacement efficiency by 
surfactant-polymer flooding process have been reported by a number 
of investigators (1-10). In general, the process is such that after 
being conditioned by field brine or preflush, a sandstone core or 
a sandpack is oil-saturated to the irreducible water content. It 
is then waterflooded to the residual oil level. Finally, a slug 
of surfactant solution followed by a mobility buffer is injected. 

he slug of surfactant solution can either be aqueous or oleic with 
a surfactant plus alcohol concentration of 5-15%. 


Because of the cost and the time factors involved, oil dis- 
placement studies are always preceded by certain test tube screen- 
ing procedures. Specifically, the interfacial tension (IFT) of less 
than 0.01 dyne/cm is recognized to be the necessary but not the 
sufficient criterion for selection of a surfactant system. Many 
investigators (10-15) have shown that ultralow IFT of less than 
0.001 dyne/cm can be achieved with less than 0.1 wt. % surfactant 
solution. Since this low surfactant concentration system is 
several hundred times more dilute than the ones used in a typical 
surfactant-polymer flooding process, the economics dictates that 
the oil displacement by such low surfactant concentration solution 
should be explored. Moreover, it should be established that the 
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IFT obtained in the oil/brine/surfactant system after a rigorous 
equilibration procedure in a test tube can be indeed achieved 

in situ when the surfactant solution passes by the entrapped oil 
ganglia in porous media. In other words, is the rate of mass trans- 
fer of surfactant to and across the interface a major limiting 
factor in achieving ultralow IFT in porous media? The present 
paper attempts to answer some of these questions by comparing the 
behavior of equilibrated’and nonequilibrated oil/surfactant solu- 
tion systems in porous media. 


In general, the surfactant formulations used for enhanced oil 
recovery contain a short chain alcohol. The addition of alcohol 
can influence the viscosity, IFT and birefringent structures of 
micellar solutions es well as coalescence rate of oil ganglia. The 
present paper reports the effect of addition of isobutanol to a 
dilute petroleum sulfonate (< 0.1% conc) solution on IFT, surface 
shear viscosity, surfactant partitioning, the rate of change of IFT 
(or flattening time) of oil drops in surfactant solutions and oil 
displacement efficiency. The two surfactant systems chosen for 
this study indeed exhibited ultralow IFT under appropriate condi- 
tions of salinity, surfactant concentration and oil chain length 
Cig D5 so) 


EXPERIMENTAL 


Surfactant solutions: Commercial petroleum sulfonate TRS 10-80 
(80% active) or TRS 10-410 (61.2% active) obtained from Witco Co. 
and Fisher A.C.S. certified grade NaCl crystals 1% NaCl) were dis- 
solved in distilled, deionized water to make the surfactant stock 
solutions by weight. Then, they were diluted by brine (1% NaCl) 
to the desired concentration just before the start of each run, so 
that the surfactant aging effect was minimized. The purity of 
n-octane or n-dodecane (Chemical Samples Co.) was > 99% and was 
used as the oil to equilibrate the surfactant solution at the 
volume ratio of 1:2 in a glass-stoppered 1-liter separatory funnel. 
After vigorous shaking, the surfactant and oil mixture was left 
standing for 10 days at room temperature until a clear mirror-l-ke 
interface was reached. The equilibrated aqueous and oleic solu- 
tions were then drained into separate storage bottles. The effect 
of alcohol was studied by adding 99% pure isobutanol (IBA) (Chemi- 
cal Samples Co.) to the surfactant solution at 1:1 weight ratio 
for the active component in TRS 10-80 or TRS 10-410. 


Interfacial tension measurements: Interfacial tension between 
various oleic and aqueous phases was measured using the Spinning 
Drop Tensiometer at 25°C. The spinning time and rate were kept 
constant so that comparative results could be obtained. 
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Interfacial viscosity measurements: Interfacial viscosity 


(IFV) was measured using a viscous-traction interfacial viscometer 
constructed according to Wasan (16). Teflon particles were used 
to measure the centerline velocity of oil/water interface. 


Contact angle in quartz/brine/oil systems: The wettability of 


the quartz surface used to simulate the surface of sandstones, was 
studied by a contact-angle goniometer. Using a microsyringe, an 

oil drop was deposited on the underside of a smooth, polished quartz 
surface submerged in the aqueous solution at 25°C. The angle 
through the oil phase was measured and Polaroid pictures of the oil 
drop were taken at different time intervals. 


Surfactant concentration measurements: The surfactant concen- 
tration in the effluent stream was measured by the two-phase titra- 
tion method according to Reid et al. (17). 


Oil displacement in porous media: Horizontally mounted sand- 
packs and Berea cores encased in an air-circulating constant 
temperature box were used for oil displacement efficiency tests. 
The sandpacks, 1.06" diameter by 7.0" long, had an average porosity 
of 38% and permeability of 3.0 darcy. The Berea cores were 1" 
square by 12" long cast in epoxy resin within 1.5" diameter by 14" 
long PVC pipes. They had an average porosity of 18% and permeabil- 
Ley of 220) miliidarcy:. 


Having been dry-filled with sands under vibration and tapping, 
the pack was flushed vertically with carbon dioxide to displace 
interstitial air. Deionized water was then pumped through and the 
pore volume (PV) was measured. Since carbon dioxide easily dis- 
solves in water, trapped gas in the pack can be greatly reduced or 
eliminated. New sandpacks and fresh Berea cores were used for each 
run. The brine salinity in porous media was the same as the salt 
concentration of surfactant solution. The injected oil and aqueous 
solutions were either pre-equilibrated or nonequilibrated. Constant 
fluid velocity of 10 ft/day was maintained during the oil saturation 
and 2.3 ft/day was maintained during aqueous solution or brine 
flooding. Because the viscosity of n-octane was 0.5 cp, a favor- 
able mobility was assumed for aqueous surfactant solution flooding. 
Therefore, no polymer was added in the dilute surfactant solution. 


Displacement tests were conducted for equilibrated and non- 
equilibrated systems. For the effect of surfactant concentration 
on oil recovery, the total amount of surfactant injected was the 
same, i.e., the slug size times the concentration was equal (70% 
PVG, = 55) me Ona aeh mastitis 
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Effect of isobutanol on oil displacement efficiency: The fol- 
lowing systems, 0.1% TRS 10-410 with/without 0.06% IBA in 1.5% NaCl 


vs. n-dodecane and 0.05% TRS 10-80 with/without 0.04% IBA in 1.0% 
NaCl vs. n-octane were examined. 


Figure 1 is the cumflative oil recovery profile of the systems 
studied. It shows that with the addition of 0.06% IBA into the 
TRS 10-410/n-dodecane system, the oil recovery by direct surfactant 
solution flooding (i.e., without waterflooding) is improved from 
84.37% to 98.32% after 3.5 PV surfactant solution injection. The 
TRS 10-80/n-octane system showed an increase in oil recovery from 
60% to 91% by the addition of isobutanol (Figure 1). It should be 
noted that the increase in oil recovery occurs only after the major 
oil bank comes out (i.e., after 1 PV of produced fluid). We pro- 
pose that the presence of isobutanol promotes the coalescence of 
oil droplets in porous media leading to a better oil recovery effi- 
ciency. A much more, drastic difference is seen in the TRS 10-80/n- 
octane system, where the tertiary oil recovery increased from 0% 
without IBA to 76.84% with IBA (Table 1) after 2.7 PV surfactant 
solution injection. Thus, for both secondary and tertiary oil 
recovery processes (i.e., with or without brine flooding stage) 
carried out in these laboratory scale experiments, the addition 
of isobutanol enhances the oil recovery efficiency presumably by 
promoting the coalescence in porous media. 


Table 1 shows the effect of the addition of isobutanol on 
various properties of oil/brine/surfactant systems for TRS 10-410 
and TRS 10-80. Because the same IFT values were obtained for the 
systems with and without IBA (Table 1), the observed differences 
in oil recovery cannot be explained in terms of any change in IFT. 
The presence of alcohol did not significantly influence the parti- 
tion coefficient of surfactant in n-dodecane or n-octane. It is 
important to emphasize that the partition coefficient changes 
sharply near the ultralow IFT region (19). Thus, the partition 
coefficient does not appear to correlate with the oil displacement 
efficiency. However, the presence of isobutanol decreases the in- 
terfacial viscosity and markedly influences the flattening time of 
the oil droplets. It has been suggested (18) that a rigid potas- 
sium oleate film at the oil/water interface can be liquefied by 
the penetration of the hexanol molecules in order to produce 
spherical microemulsion droplets. It has been shown Ga) waltsouthat 
for a commercial petroleum sulfonate-crude oil system, the oil 
droplets with the alcohol coalesce much faster than the ones with- 
out alcohol. For the systems studied here, IBA is believed to have 
penetrated the petroleum sulfonate film as seen by the decrease in 
IFV. The decrease in interfacial viscosity would presumably pro- 
mote the coalescence in porous media. 
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Since the shape of an oil droplet is an indication of IFT as 
measured by sessile drop method, the oil droplet flattening time 
reflects the rate of change in IFT. The results clearly show that 
the presence of alcohol increases the rate of achieving the final 
value of interfacial tension. This implies that the surfactant 
molecules come to the interface much faster in the presence of al- 
cohol. Zana (20) has shown that the kinetics of micellization is 
more rapid in the presence of alcohol. This is presumably due to 
loose packing of mixed micelles containing surfactant and alcohol. 
Thus, it appears that the kinetics of micellization could influence 
the rate at which molecules saturate the surface by the breakdown 
of micelles to provide monomers for adsorption. 


We have shown (19) that the interfacial concentration of surf- 
actant depends on the partition coefficient of the surfactant. 
When the partition coefficient is near unity, a maximum surface 
concentration of the surfactant is achieved. In flow through 
porous media, it is expected that achieving the equilibrium condi- 
tion may take much longer time. Therefore, we investigated the 
equilibrated and nonequilibrated systems in porous media to eluci- 
date their effect on the oil recovery efficiency. 


A comparison of equilibrated and nonequilibrated systems for 
oil displacement efficiency: Figure 2 shows the IFT and the per— 
cent oil recovery as a function of initial TRS 10-80 concentration 
in 1% NaCl for equilibrated and nonequilibrated systems. It was 
observed that for the pre-equilibrated system, 94% oil was re- 
covered at 0.05% TRS 10-80 concentration corresponding to minimum 
IFT at this concentration. However, for nonequilibrated systems, 
the maximum oil recovery shifted from 0.05% to 0.1% TRS 10-80 con- 
centration. The maximum oil recovery for nonequilibrated systems 
was much lower than that observed for equilibrated systems (Figure 
2). Since the amount of surfactant injected was the same for each 
run (0.125 gm), the maximum oil recovery was interpreted as a 
result of the capillary number vs. final oil saturation correla- 
jeayovay (iL). 


However, this correlation does not seem to hold under the 
typical (i.e., nonequilibrated) tertiary oil recovery conditions 
(Case A in Table 2). In order to find the amount of tertiary oil 
that can be recovered, the sandpacks were saturated with fresh 
(i.e., nonequilibrated) n-octane and were brine-flooded to the 
residual oil level. A fresh surfactant slug of 0.05% TRS 10-80 in 
1% NaCl was then pumped through the sandpacks. It was interesting 
to note that in this case even after an injection of 10 PV surf- 
actant slug, no or very little oil was recovered (Case A in Table 
2). Because the effluent surfactant concentration approached that 
of the injected surfactant concentration, the poor oil recovery 
cannot be explained by the adsorption of the surfactant on sand 
particles. The observed excellent oil recovery for the equili- 
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SYSTEM: TRS 10-80 IN 1% NoCi vs. n-OCTANE 
FLOODING RATE: 2.3 FT/DAY 


DIRECT FLOODING PROCESS PERMEABILITY: 3 DARCY 


L 


EQUILIBRATED N NON-EQUILIBRATED 
SYSTEM Sy SYSTEM 


OIL RECOVERY, PERCENT OIP 
INTERFACIAL TENSION, dynes/cm 


0.001 0.005 fox) 0.05 Ol 0.5 ike) 


TRS 10-80 CONCENTRATION, WT. % 


Fig, 2- The eftect of surfactant. concentration on oil’ displace- 
ment in sandpacks at 25°C. A correlation of IFT with oil 
recovery for equilibrated oil/brine/surfactant systems. 
The oil recovery is strikingly different for nonequili- 
brated systems (sandpacks, dimensions are given in 
Dable 2)". 


brated system is then L2lieved to be due to the effective surfact- 
ant partitioning during equilibration procedure. Thus, for equil- 
ibrated systems, the ultralow IFT is achieved quickly in porous 
media which results in an excellent correlation of oil displace- 
ment efficiency with IFT (Figure 2). In general, the oil recovery 
is better for equilibrated systems as compared to nonequilibrated 
systems except at 0.5% TRS 10-80 concentration (Figure 2). For 
this nonequilibrated system, due to slow mass transfer process the 
interfacial concentration might be similar to equilibrated low 
surfactant concentration systems. This will cause lower IFT and 
hence better oil recovery (Figure 2). 


Systematic and comprehensive studies on oil displacement by 
various fluids were made and the results are listed in Table 2 and 
Figure 3. It is clear that oil recovery in all cases was nearly 
complete at the end of the fresh PV injection of the surfactant 
solution (Figure 3). Case A corresponds to the typical tertiary 
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Table 2. 0.05% TRS 10-80 in 1% NaCl displacing n-octane in sand- 
packs at 25°C. Sandpack dimension: 1.06" dia. x 7" 
long; permeability: 3 darcy; flow rate: 2.3 fel days 
brine: 1% NaCl. 


SEQUENCE OF FLUID INJECTION Secondary Tertiary Final Oil 
ee RUN Recovery ere Recovery ee Saluration! 
FRESH S100-02 61.2% 0% 30.86% 
= FRESH Ol 

A. Surfactant Soin) OFINE FRESH On. | BRINE | 5100-03 63.7% 714% 24.59% 
eg Nearest in) BANE | FRESH OIL ) BRINE | SI00-09 60.36% 0% 30% 
ae SI00-06 71.4% a 23.02% 
z FRESH OIL \ BRINE | SIO0-07 71.99% == 20.48% 
g ‘ urate sotn,_)FFESH OU | S!00-08 75. | 6% aR 20. 8 | So 
Equilibrated SI00-IO 51.88% — 36.91% 
D: ae FRESH OFS PRINEST" SisO-i) ©44-2990 z= 43.3% 

e.—_ 


Equilibrated 

BRINE ( EQU. OIL SI00-0O4 83.04% O% 15.58% 
Equilibrated ; t e 

F, ———» EQU. OIL SI00-O5 93.78% —— 6.13% 


oil recovery process while Case F shows 94% recovery of the equil- 
ibrated system (Table 2). A fair comparison of the equilibrated 
with nonequilibrated systems is Case F vs. Case C, the direct oil 
displacement by surfactant solution without brine-flooding. The 
equilibrated system (Case F) is better by 22% (94% vs. 72%). This 
is a clear indication of the importance of surfactant partitioning 
during oil displacement. 


As fresh n-octane in Case B and equilibrated n-octane in Case 
E were being displaced by both brine and equilibrated surfactant 
solutions, an oil recovery of 60% and 83% respectively, was ob- 
served. Again, the recovery of the equilibrated oil is better by 
23%, a difference of the same magnitude as the equilibrated system 
in Case F being compared with the nonequilibrated system in Case C. 
Thus, the equilibration of oil appears to be important for the ob- 
served oil recovery differences between the equilibrated and non- 
equilibrated surfactant solutions (Cases A and B or Cases C and D) 
it is observed that there is either no difference in oil recovery 
or the equilibrated performs worse than the nonequilibrated. In 
order to interpret the results shown in Table 2, let us consider 
the mechanism shown in Figure 4. 


The commercial petroleum sulfonate such as TRS 10-80 is known 
to be a mixture of various low and high equivalent weight sulfo- 
nates. The higher equivalent weight species tend to be more oil- 
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SURFACTANT SOLUTION——> INTERFACE —~INTERIOR OF OIL DROP 


Water 
soluble 
species 


Equivalent Weight of Surfactant Species 


Oil 
soluble 
species 


Fig. 4. Schematic representation of and various steps involved in 
mass transfer of petroleum sulfonate from aqueous solution 
to the interface and then to the oil phase. The right 
hand side of the diagram illustrates the role of preferen- 
tially water soluble and oil soluble surfactant species 
in partitioning of the petroleum sulfonate. 


soluble or more hydrophobic, while the lower equivalent weight 
species tend to be more water-soluble or more hydrophilic. 
Schematically, it is depicted by the diagram on the right hand 

side of Figure 4. When such a surfactant is added to an oil/water 
mixture, each species partitions in the oil and brine according 

to its hydrophilic-lipophilic balance. The stipled region is 
proportional to the fraction partitioning in the oil, whereas, the 
clear region below is proportional to the fraction of water-soluble 
species. 


Initially, the surfactant is dissolved in the aqueous solu- 
tion. However, as this aqueous solution is equilibrated with an 
oil, the oil-soluble species partitions into the oil phase. From 
IFT data shown in Table 3 and the later discussion, it is evident 
that the oil/brine IFT is similar to that reported by Gale and 
Sandvik (7). 


The molecular species at the interface are in equilibrium 
with those in the aqueous and oil phases. If we consider the 
addition of a fresh oil drop in a micellar solution (Figure 4), 
the surfactant monomers should move to the interface first and 
then to the inside of the oil drop. As monomers get depleted in 
the vicinity of the interface due to adsorption, the micelles 
break down and produce additional monomers. From the interface, 
the oil-soluble species preferentially migrate towards the inside 
of the oil droplet. 


We propose that the interface is occupied with both water- 
soluble and oil-soluble species. For equilibrated systems, the 
surfactant species come from both sides of the interface and 
saturate the interface with surfactant molecules more quickly as 
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Table 3. IFT, Flattening Time and Oil Recovery Efficiency of 0.05% 
TRS 10-80 in 1% NaCl vs. n-Octane at 25°C. 


SSS Ne ee ee et ee ee 


System IFT Flattening Time* Oil Recovery? 
(mN/m) (seconds) (% OIP) 
ee ee 2 Oi, ME te PE 8g hei pee ee 
- ud 
I, Fresh 011/12 Nacl--<50.8** co 61-63 
Il. Fresh 0il/Equili- Onrot 6600 44-52 
brated Surfactant 
Solution 
III. Fresh 0il/Fresh 0.627 480 75-77 
Surfactant Solution 
Law kquidibrated On0/1% sOn121 900 83 
NaCl 
View siiquialaibrated O1b/ 0.0267 240 94, 


Equilibrated Surf- 
actant Solution 


VI. Equilibrated Oil1/ 0.00209 5 -- 
Fresh Surfactant 
Solution 


* 
Flattening time is defined as the time required for the n- 
octane drop to gradually flatten out. 


* 
Octane/H,0, 20°C, IFT = 50.8 mN/m, "Interfacial Phenomena," 
Davies and Rideal, Chapter 1, p. 17, Table 1, Academic 
BRECSS s tNies L903. 


aR , : , NSS lhe 8 
Porous media dimensions, sequence and rate of fluid inject- 
tion are given in Table 2. 


compared to the nonequilibrated systems in which all surfactant 
species come only from one side (the aqueous phase) of the inter- 
face, containing more stable mixed micelles of water and oil- 
soluble surfactant species. Moreover, for the nonequilibrated 
surfactant slug, the water-soluble species may form a film at the 
oil/brine interface deterring the mass transfer from the aqueous 
phase to the oleic phase of the oil-soluble species. 


A comparison of Cases B and D in Table 2 suggests that pre- 
dominantly water-soluble species of the equilibrated aqueous 
phase of the surfactant solution worsen the oil displacement pro- 
cess as compared to brine flooding presumably due to the forma- 
tion of stable emulsions or a decrease in coalescence rate in 
porous media. It is hypothesized that a rigid surfactant film 
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forms on the oil droplet when displaced by the equilibrated aqueous 
phase of the surfactant solution. This film prevents the coales— 
cence of oil droplet in the narrow channels of the sandpack. It 
was observed that the differential pressure (AP) across the sand- 
pack increases continuously beyond the water breakthrough peak 
when flooded by the equilibrated surfactant solution, but AP de- 
creases or levels off after the water breakthrough when flooded by 
1% NaCl. Hence, the apparent paradox in capillary number-oil re- 
covery correlation (systems I and II in Table 3) can be resolved 
if the interfacial viscosity (16) is considered in addition to the 
IFT. Indeed, as alcohol was incorporated into the system, IFV de- 
creased and oil recovery increased (Table 1). 


The results of Cases B, C, and D suggest the beneficial effect 
of the presence of oil-soluble species in improving oil recovery in 
Case C. The reason that equilibrated surfactant solution displaces 
less oil than the fresh surfactant solution as in Cases D and C in 
Table 2 is partially due to the fact that there is less surfactant 
in the equilibrated solution as compared to the fresh solution. 
During the equilibration process, some of the surfactant species 
must have migrated from the aqueous phase to the oleic phase re- 
sulting in a reduction in surfactant concentration in brine. This 
is substantiated by the measurement of surfactant concentration of 
0.01% for the original 0.05% surfactant solution after equilibra- 
tion. 


Also, the results of Cases A and C as well as Cases E and F 
indicate that a lower final oil saturation, Sof> was obtained, if 
the sandpack was flooded directly by the surfactant solution with-— 
out a secondary flooding by brine. 


To explain the effect of equilibration on oil recovery, the 
liquid-liquid and liquid-rock interfaces (i.e., the IFT's and con- 
tact angles) were studied for these systems and the results are 
listed in Table 3. Except for the system of fresh oil1/1% NaCl, 
the contact angle measurements followed the pattern shown in 
Figures 5 and 6. The oil drop formed nearly a sphere on the quartz 
surface initially. It then flattened out and finally, in some 
cases, disintegrated or emulsified into many small droplets. The 
time between the formation of the initial spherical droplet and 
the final emulsification is defined as the oil droplet flattening 
time. Except for system III, there is a good correlation between 
the flattening time, the IFT value and the oil displacement effi- 
ciency. 


Among systems I through V (Table 3), the lowest IFT existed 
for the interface between equilibrated oil and equilibrated surf- 
actant solution. A drastic increase in IFT occurred as either 
equilibrated oil or equilibrated surfactant solution was replaced 
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T = 3 MINUTES . 


5 


The left hand side column illustrates the spreading of a 
drop of equilibrated n-octane on a quartz surface sub- 
merged in fresh 0.05% TRS 10-80 in 1% NaCl solution (Case 
VI in Table 3). The right hand side column illustrates 
the spreading of equilibrated n-octane drop on quartz in 
1% NaCl solution (Case IV in Table 3). 
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T = 25 MINUTES 


T = 5 MINUTES T = 60 MINUTES 


T = 10 mMINUTES 90 MINUTES 


Fig. 6. The spreading of a drop of n-octane on quartz surface 
submerged in the equilibrated aqueous phase of 0.05% 
TRS 10-80 in 1% NaCl solution (Case II in Table 3). 
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by fresh oil or fresh surfactant solution. However, examining 
systems II and IV, it is evident that the equilibrated oil rather 
than the equilibrated surfactant solution is responsible for the 
lowering of IFT. This suggests that the oil-soluble species are 
the low tension producing sulfonates in this system. 


These hydrophobic species are mainly responsible for the oil 
droplet flattening phenomenon. The flattening time of a single oil 
drop has a direct bearing on the oil displacement efficiency. Be- 
cause there are large numbers of oil droplets within the porous 
media, the amount of oil recovered depends on how easily each of 
them can be mobilized. The faster they are flattened, the easier 
it would be to mobilize, interconnect and displace them. Cash et 
al. (12) demonstrated that oil displacement by the spontaneously 
emulsifying systems is better than the systems lacking spontaneous 
emulsification. 


In Table 3, the longest flattening time corresponds to the 
system that has the least amount of oil-soluble species present and 
the worst oil recovery. The only exception is system III, although 
the oil drops flattened faster than system IV, it gave poorer re- 
covery than system IV. The following explanation is suggested. 
While flattening time is being measured, the oil-soluble species 
from the fresh surfactant solution quickly adsorb onto the quartz 
surface, which facilitates the flattening of the oil drop. How- 
ever, the IFT is much higher in case III as compared to that in 
case IV. In agreement with the capillary number concept, we ob- 
served a better oil recovery in case IV than in case III. 


To sum up, the following mechanism is proposed to account for 
the observed effects in IFT and oil droplet flattening phenomenon. 
As shown in Figure 4, mixed micelles in equilibrium with surfact- 
ant monomers are formed by the water-soluble and oil-soluble 
species in the bulk aqueous solutions. During equilibration, the 
surfactant monomers transfer to the water/oil interface and then 
to the interior of the oil drop resulting in a reduction of IFT. 
The concentration of oil-soluble species in the surfactant solution 
dictates the absolute value of IFT and the rate of surfactant mass 
transfer, which, in turn, determines the flattening time of the 
oil drop. 


Because different batches of TRS 10-80 were used in making 
the sets of surfactant solutions in Figure 2 and Table 3, small 
variation in values of IFT for the equilibrated oil and equili- 
brated 0.05% TRS 10-80 in 1% NaCl was observed. Nevertheless, the 
trend of high and low IFT within each set remained the same. 
Therefore, the interpretation of IFT based on these values is be- 
lieved to be valid. 
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Effect of salinity on oil displacement efficiency of equili— 


brated and nonequilibrated systems: Figure 7 shows the effect of 
salinity on the oil recovery and IFT of 0.1% TRS 10-410 + 0.05% IBA 


vs. n-dodecane. It shows that at 0.5% and 1.0% NaCl concentrations, 
the oil recovery is the same for both systems. Only at and 

above the optimal salinity (i.e., 1.5% and 2.0% NaCl), the non- 
equilibrated systems produce better oil recovery than the equili- 
brated systems. A possible explanation of this effect is as follows. 
It has been shown that for salt concentrations higher than the 
optimal salinity, the tendency for the surfactant to migrate from 
the aqueous phase to the oil phase increases. Therefore, when one 
takes a nonequilibrated system at or above optimal salinity, there 
is a significant driving force for the surfactant to migrate from 
the aqueous to oil phase. Moreover, the presence of alcohol in 
such solutions enhances the mass transfer of surfactant across the 
interface. Therefore, as the nonequilibrated surfactant solution 
contacts the oil ganglia, presumably a rapid mass transfer occurs 
resulting in ultralow interfacial tension. The oil ganglia thereby 
flatten out or spontaneously disintegrate. A successful flattening 
and subsequent coalescence of the oil ganglia in the initial stages 
presumably lead to the formation of an oil-water bank which then 
successfully sweeps additional oil ganglia along the porous media 
by coalescence process. By maintaining the ultralow IFT at the oil 
bank/surfactant solution interface decreases entrapment of the oil 
from the oil-water bank. Therefore, the improved performance of 
nonequilibrated systems at and above optimal salinity is related 

to the effective mass transfer of surfactant from the aqueous phase 
to the oil phase and the concomitant generation of ultralow IFT and 
presumably low IFV and associated spontaneous flattening of oil 
ganglia. This explanation is consistent with the results of oil 
displacement in Berea cores by the same surfactant system as shown 
in Figure 8. It shows the effect of salinity on the amount of oil 
recovery as a percent of oil-in-place and a percent of final oil 
saturation. It indicates that more oil was displaced at and above 
optimal salinity and that close to 90% oil recovery was obtained. 


Figure 9 is a production history of a typical run. The cumu- 
lative oil recovery, pressure difference (AP) across the porous 
bed, normalized effluent surfactant concentration and percent of 
oil cut have been plotted. The cumulative oil recovery curve and 
the AP curve rise sharply initially then change their slopes at 
0.4% PV. The. oil recovery curve further increases at a constant 
rate while AP decreases, then both change slopes again at 5 PV and, 
finally, the oil recovery graph reaches a constant value and AP 
keeps on rising continuously. Throughout the flooding process, the 
effluent surfactant concentration increases very slowly from 0% 
initially to 15% of the injected surfactant concentration at 6.5% 
PV. It jumps to 37% at 7 PV and eventually reaches 42% at the end 
of the run. The oil cut drops drastically from the 1007 atythe 
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Fig. 7. Effect of salinity on oil recovery by continuous injec- 


tion of 0.1% TRS 10-410 + 0.06% IBA on n-dodecane dis- 
placement in sandpacks at 25°C. (Dimensions of sandpacks 
are the same as given in Table 2). 


beginning to 7Z at 0.5% PV, then it maintains a 4% recovery for 
4.5 PV fluid production. 


The initial fast rise of the oil recovery curve and the AP 
curve correspond to the 100% oil recovery in the effluent stream 
for the fully oil saturated Berea core. This is evident from the 
oil cut curve. The slopes change when water breaks through at the 
exit. In the next stage, oil is then produced in the form of oil- 
water bank, which is composed of the coalesced oil droplets mobi- 
lized by the surfactant solution. As oil is recovered at a 
constant rate, AP decreased gradually. 


Toward the end of this constant rate of oil production, oil 
comes out as the trailing end of the oil-water bank. At the same 
time, enough surfactant has been accumulated in the sandstone core 
to form emulsions with the oil droplets in situ. Consequently, 
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Fig. 8. Effect of salinity on oil recovery by continuous injec— 
tion of 0.1% TRS 10-410 + 0.06% IBA on n-dodecane dis— 
placement in Berea cores at 25°C. (Details given in the 
eerie) 


AP increased due to the blockage of the small pores and narrow 
channels by these oil-swollen surfactant-rich emulsions. As the 
process progresses, the surfactant-rich emulsion breaks through as 
a white opaque solution and manifests itself as a step increase on 
the C/C, curve at 7 PV. Finally, as the end of the flooding pro- 
cess is approached, oil recovery diminishes, AP keeps on increas- 
ing as before, and C/C, levels off. 


It is interesting to note that the shape of the cumulative oil 
recovery curves in the unconsolidated sandpack is similar to that 
in the consolidated Berea core (Figures 1 and 9), except that oil 
is produced at a much faster rate for the sandpacks. Therefore, 
the oil displacement mechanism is presumably the same in these two 
porous media for the continuous dilute surfactant solution flooding 
process. Chou and Shah (22) have shown that 1 or 4 ft sandpacks 
give identical results for oil recovery and the fluid production 
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brine to displace n-dodecane in Berea cores, 25°C. (Berea 
core details given in the text.) 


profile when plotted as a function of PV injected. Therefore, we 
believe that the use of small sandpacks is still meaningful for 
showing the phenomena in porous media. 


It should be emphasized that the entire study reported in 
this paper relates to the low surfactant concentration (< 0.52) 
and does not involve the formation of middle phase microemulsions 
(23), etc. in this oil displacement process. At all times, the 
oil/brine/surfactant systems were composed of only two phases, oil 
and brine, with surfactant distributed in both phases. Also, this 
study is carried out at low salinity (< 2% NaCl) although we have 
reported elsewhere on high salinity formulations (24-26) which 
can produce ultralow IFT in millidynes/cm range at salt concentra- 
tions as high as 322. 


CONCLUSIONS 


(1) The study revealed that the addition of isobutanol to dilute 
TRS 10-80 or TRS 10-410 petroleum sulfonate solutions did not in- 
fluence significantly IFT, or surfactant partitioning but decreased 
interfacial viscosity and markedly reduced flattening time of oil 
drops and increased oil displacement efficiency, presumably by 
promoting coalescence of oil ganglia in porous media. 
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(2) The equilibrated and nonequilibrated oil/brine/surfactant sys- 
tems differed in their oil displacement efficiency. The equili- 
brated oil rather than the equilibrated aqueous phase of the surf- 
actant solution is responsible for the high oil displacement 
efficiency of dilute surfactant systems containing no alcohol. The 
oil soluble fraction of petroleum sulfonate is more effective in 
lowering the interfacial tension and in promoting the flattening of 
oil drops. Almost 94% oil recovery was achieved in sandpacks by a 
low concentration (* 0.1%) surfactant plus alcohol formulation when 
used in place of brine flooding. 


(3) The lower values of final oil saturation were obtained for 
the systems flooded directly by the surfactant formulation without 
first being brine-flooded. 


(4) For equilibrated systems, there is an excellent correlation 
between the capillary number and oil recovery efficiency. However, 
in calculating capillary number for nonequilibrated systems, care 
should be exercised because the IFT measured in vitro may not be 
achieved in situ and, in certain cases, the interfacial viscosity 
and not interfacial tension, may be a predominant factor influencing 
the oil displacement efficiency. 


(5) The effect of salinity on oil displacement efficiency revealed 
that for the alcohol containing formulations, the nonequilibrated 
system was more efficient for oil recovery as compared to the 
equilibrated system at and above optimal salinity. It is proposed 
that not only the equilibrium values of the parameters such as 
interfacial tension and interfacial viscosity are important but 
the dynamic process of surfactant partitioning is also important 
in mobilization of oil ganglia. The conditions that promote the 
efficient mass transfer from the aqueous phase to the interface 
promote the deformation and mobilization of oil ganglia. This 
would facilitate an early formation of oil bank and displacement 
of oil from porous media. 
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COMPLEX ACIDS AND THEIR INTERACTION WITH 


CLAYS IN OIL SANDS SLIMES 


M. A. Kessick 


Chemistry Division 
Alberta Research Council 
Edmonton, Alberta, Canada T6G 2C2 


Organic material closely associated with the clays in low 
grade oil sand and in oil sands clay slimes has been extracted and 
examined by IR and NMR spectroscopy, and shown to contain carbonyl, 
hydroxyl and possibly polyphenolic functionality. It is postulated 
that the closely bound organic material may consist of vestigial 
tannins or lignins in various stages of degradation. The impor- 
tance of ferric iron in promoting adsorption of this organic mate- 
rial to clays has been demonstrated using tannic acid with illite 
and kaolinite as model systems. This type of adsorption appears 
to be important in determining the settling characteristics of oil 
sands clay slimes. 


INTRODUCTION 


Athabasca oil sand is a complex, variable mixture of sand 
particles, clays, bitumen and water (1). Currently, there exist 
two commercial operations to extract the bitumen from this matrix 
and upgrade it to synthetic crude oil, a partially refined product. 
Both operations use the hot water extraction process (2) on sur- 
face mined material. 


In this extraction process the mined matrix is pulped with 
hot alkali solution. On further dilution with hot water the 
bitumen then detaches from the resulting slurry and is allowed to 
float to the surface in a primary separation tank, where it is 
collected for dewatering and upgrading. The yield is increased 
further by dissolved air flotation of the diluted slurry, after 
sand separation, in a subsequent process loop. During the separa- 
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tion very large volumes of tailings are produced, consisting mainly 
of sand and a dispersion of various clays containing residual or- 
ganic matter. The sand settles rapidly from the tailings and 
presents no real disposal problem. It is in fact used to build 
containment dikes for the clay dispersions, which, although they 
will settle to provide some water for recycle, do so only to a 
sludge or slime that itself is still very high in water content, 
and that shows little tendency to dewater further, even when sub- 
jected to mechanical dewatering procedures (3). It is the buildup 
of these settled clay sludges, or slimes, necessarily contained 
behind the sand dikes, which presents not only an environmental 
problem but also a significant repository for non-recycleable 
water. 


The reason for the intractability of the clay slimes has been 
a subject of considerable study. Attempts have been made to ex- 
plain the phenomenon in terms of a composite equilibrium settling 
volume calculated on the basis of individual settling volumes 
measured for pure samples of the various clay and other minerals 
known to be present (4). In this approach, correlation between 
theoretically derived values and those measured experimentally 
depends upon the presence of significant quantities of amorphous 
iron oxide. The approach does not take into account the effect of 
residual organic material in the slimes. Organic substances, of 
the types present in bitumen and heavy oils, are known to adsorb 
strongly to clay minerals (5,6). 


Work in this laboratory has indicated that the interaction of 
organics with the clay minerals is indeed important in determining 
the nature of the oil sands slimes (7), and that this interaction 
is specific, and involves a fairly well-defined class of organic 
compounds. In many ways, the interaction seems to be of the same 
type as that reported to be operative in the adsorption of fulvic 
acid to montmorillonite containing Cu a as well as other multi- 
valent cations, including Feo* (8). The interaction is thought to 
provide a hydrophobic character to the clay particle surfaces, 
allowing bridging through residual bitumen to set up a weak gel 
structure. 


Solvent extraction of dried clay slimes indicates the presence 
of two major fractions of residual organic material. One fraction 
is readily extractable with methylene chloride, and occurs in 
amount approximately 0.1 to 0.2g per gram of dried slime. The 
infrared pattern of this fraction shows only absorption maxima 
that can be attributed to aliphatic stretching and deformation 
vibrations (Figure 1). The second fraction occurs in amount ca. 
0.02g per gram of dried sludge, and is more strongly associated 
with the clays. It can only be dislodged by strongly polar sol- 
vents, such as methyl ethyl ketone (MEK)/water mixtures, under 
mildly acidic conditions (9). 
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Fig. 1. IR spectrum of bitumen readily extractable from dried clay 
slimes. 

It is believed that the Fe ot ion provides a key link between 
this second fraction and the clay surface. The presence of iron 
was originally noticed as a buff-red discoloration on ignition of 
clay that still held the closely-bound material. Its presence was 
confirmed by examination under an electron microscope with an 
energy dispersive attachment. Also, the organic material removed 
by this second-stage extraction was found by atomic absorption 
analysis to contain about 9% by weight of iron, confirmed to be in 
the ferric form by the absence of color formation with o-—phenanthro- 
line. This implied that the organic substances in this fraction 
were strong chelators, and that they had probably interacted with 
ferric iron itself adsorbed to the clays as an exchangeable cation. 


The organic material has been subjected to further separation 
by chromatography on an alumina column, using acid/MEK as an eluent. 
The chromatography fractions were associated with varying amounts 
of iron, and the infra red spectra of the fractions showed varying 
amounts of ketonic and conjugated ketonic functionality. It is 
now believed that these fractions may represent aliphatic degrada- 
tion products of partially oxidized polyphenolic materials, the 
degradation most likely occurring on the alumina column itself. 


The composition of these materials has been investigated fur- 
ther by IR and NMR spectroscopy, and the absorption of a tannin as 
a representative polyphenolic compound to iron-containing and iron- 
free clays investigated. A sample of low grade oil sand, contain- 
ing a considerable percentage of clay, was also examined for the 
presence of clay-bound organic materials. 
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MATERIALS AND METHODS 


Methyl ethyl ketone was distilled as the water azeotrope from 
a mixture of the reagent grade solvent (350 ml) and acidified ferric 
chloride solution (50 ml H50, 1 ml. conc. HCl, 1 g FeC1l3). After 
addition of ferric chloride to the distillate (0.lg in 50 ml) and 
subsequent removal of the distillate by evaporation, infra red 
analysis of the residue showed no detectable organic content. 
Purified hydrochloric acid (3.75N) was prepared by equilibration 
between distilled water and reagent grade concentrated acid both 
contained in beakers inside a desiccator. The distilled water 
absorbed hydrogen chloride gas to produce the purified acid. 
Acid/methyl ethyl ketone extractant was prepared by adding 0.1 ml 
of this acid to 100 ml of the methyl ethyl ketone/water azeotrope, 
which contained approximately 12% water. Fisher Chemical Co. 
tannin (tannic acid) was taken to be representative of this class 
of polyphenolic materials and no attempt was made at further puri- 
fication. All other chemicals used, including methylene chloride, 
were reagent grade. 


Buffer solutions: Buffer solutions were made up to be approx- 
imately 0.1M. pH 4 buffer was prepared from acetic acid and sodium 
hydroxide and pH 8.4 buffer from sodium bicarbonate and distilled 
water equilibrated with atmospheric CO». 


Clays: A sample of kaolinite (Fisher Colloidal Kaolin) was 
washed several times with hydrochloric acid at pH 2, and then with 
distilled water and dried. Another sample was stirred for 24-48 
hours with 10-2M FeC13, also at pH 2, washed with distilled water 
and dried, to give a dry product with a pronounced yellowish tinge. 


Illite (Silver Hills, Montana) was ground into a fine powder, 
and organic matter and free iron oxides removed by standard pro- 
cedures (10). A portion was then rinsed with hydrochloric acid at 
pH 2, washed with distilled water, and dried. Iron treated illite 
was then prepared from another portion using the procedure described 
above for kaolinite. 


Extraction procedures: Low grade oil sand and dried oil sand 
slime were initially extracted with methylene chloride in a Soxhlet 
apparatus until the eluate from the thimble became colorless. The 
residue from the thimble was then dried, and stirred with acid/ 
methyl ethyl ketone extractant at room temperature. The resulting 
suspension was filtered, and the clear filtrate evaporated down 
and dried at room temperature over phosphorous pentoxide in a 
desiccator. The dried residue was then used for IR and NMR anal- 
ysis. 
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Chromatography: Chromatography was carried out by redissolv- 
ing the acid methyl ethyl ketone in methylene chloride and placing 
a portion on a basic alumina (Brockmann 5016-A) column and eluting 
with mildly acid methyl ketone. The fractions were collected, 
evaporated down and dried over P05 for further characterization. 


Adsorption studies: .Adsorption experiments were carried out 
by shaking for 24 hours the appropriate ground clay (0.5g) in 50 ml 
aliquots of a 10-2M buffer solution containing from ca. 4 to 70 
mg/l tannic acid. The suspensions were then centrifuged and the 
equilibrium concentrations of tannic acid solution were determined 
from the UV absorbance at 270 nm. It had previously been estab-— 
lished that Beer's Law held for this material at this wavelength. 


RESULTS AND DISCUSSION 


The closely bound organic material extracted from the dried 
oil sands slimes by acid methyl ethyl ketone shows an infra red 
spectrum (Figure 2) indicating the presence of chelated and pos- 
sibly polymeric hydroxyl compounds (2500-3200 cm-l absorption) and 
carbonyl groups (1700-1725 cm absorption) most likely ketonic or 
carboxylic in character. The absorption at ca 1600 em! could 
indicate a conjugated or hydrogen-bonded carbonyl group or a car- 
boxylate anion. Some aromatic absorption may also be occurring in 
the 1500-1600 cm~! wavenumber range. 


The 136 — NMR spectrum of this material (Figure 3) shows 
significant presence of substituted aromatic material (125 ppm) as 
well as aliphatic carbon content. This spectrum shows a consider- 
ably reduced presence of polysaccharide decomposition products 
compared to fulvic acid extracted from wastewater (11). The Ty 
NMR spectrum (Figure 4) also indicates significant presence of 
substituted aromatic compounds (ca. 7 ppm). 


The extract of closely bound organic material was redissolved 
in methyl ethyl ketone and reprecipitated and washed with 10% hy- 
drochloric acid in order to liberate the organic material from 
chelation with iron, since it was known from previous data (9) that 
the iron content would be significant. The hydrolyzed extract, 
after drying and redissolving in methylene chloride, was placed on 
the basic alumina chromatography column packed in methylene chlo- 
ride. Subsequent elution with acid/MEK yielded two major fractions. 
The residue from both fractions had very similar IR spectra (Frac- 
tion 1 is shown in Figure 2). The spectra show the appearance of 
a well-defined hydroxyl absorption at 3500 cm-l, as well as the 
appearance of another well-defined absorption, possibly olefinic 
at 1620 cm-l. The 18 NMR spectra for the residue from both frac- 
tions were found also to be remarkably similar. That for Fraction 
1 (Figure 5) shows a complete loss of aromatic resonance and the 
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Fig. 2. IR spectra of acid/MEK extract of dried clay slime (A) 
and the first chromatography fraction (B). 


COMPLEX ACIDS AND CLAYS IN OIL SANDS SLIMES 565 


= ies eee Se es 


200 150 100 50 0 
ppm FROM TMS 


Fig. 3. 13c - wr spectrum of acid/MEK extract of dried clay slime 
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appearance of a well-defined olefinic proton resonance. It is 
believed these results show that the material originally extracted 
is strongly chelated and possibly polyphenolic in nature, and that 
it may break down when liberated from the chelate complex, and 
possibly degrade further during chromatography. These probable 
degradation products are very pungent and appear to contain ali- 
phatic ketone, hydroxyl and olefinic groups, consistent perhaps 
with ring-opening degradation of polyphenolic materials. The IR 
(Figure 6), 13c¢ NMR (Figure 7) and 1H NMR (Figure 8) spectra of 
closely bound organic material extracted from low grade oil sand 
(7.8% bitumen, 7.2% water, 83.8% solids) which contained a consider- 
able amount of clay, ca. 7%, show that very similar compounds to 
those adsorbed onto the slimes clays were also adsorbed onto the 
clays present in the low grade oil sand matrix. 
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Pas 5 Bie ly - NYMR spectrum of lst chromatography fraction of acid/ 
MEK extract of dried clay clime. 
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Fig. 6. IR spectrum of acid/MEK extract of low grade oil sand 
matrix. 
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Bigg a/. 13¢ - NR spectrum of low grade oil sand acid/MEK extract. 


5 0 
ppm FROM TMS 


Pigs &. ly - NMR spectrum of low grade oil sand acid/MEK extract. 


It is inferred from these spectral data that the closely bound 
organic material may consist of vestigial tannins or lignins, or 
tannins or lignins which have undergone partial diagenesis as well 
as possible oxidation and ring-opening degradation, leaving intact, 
however, some polyphenolic or other iron-chelating functionality. 
Typical tannic acid structural units are shown in Figure 9. It 
has been hypothesized (2) that ferric iron is instrumental in 
binding this type of material to the predominant clays found in 
oil sands and oil sands slimes (kaolinite ca. 65%, illite ca. 35%). 
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Fig. 9. ‘Typical structural units in..the tannic acid mokecule 


Isotherms were plotted therefore for the adsorption of tannin 
(tannic acid) at 25°C from aqueous solution to these clays, at pH 
4, before and after electrostatic adsorption of ferric ions. The 
results (Figures 10,11) indicate unequivocally that the presence 
of ferric ions, adsorbed to the clays in an ion-exchange sense, 
increases the adsorption significantly. This is a result most 
likely of a chelation effect. At pH 8.5, meaningful adsorption 
data could not be obtained, presumably because ferric iron is 
hydrolyzed at this pH and would not be immediately available for 
chelate formation. This implies that any chelation-promoted ad- 
sorption present in the clay slimes must have taken place prior 
to the industrial hot water extraction process. 
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Fig. 10. The adsorption of tannic acid to illite, iron free @, 
iron treated O. 
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Fig. 11. ‘the adsorption of tannic acid to kaolinite, iron free @, 
iron treated O. 


CONCLUSIONS 


Vestigial tannin or lignin material is believed to be strongly 
adsorbed to clays found in oil sands matrix and is carried through 
in this form to oil sands slimes. This type of adsorption occurs 
readily under mildly acid conditions, probably through chelation 
with electrostatically bound ferric irons. At neutral or slightly 
alkaline pH the material remains adsorbed and promotes structure 
formation in the oil sands clays slimes, possibly by imparting 
hydrophobic character to clay surfaces which can then interact 
with residual bitumen setting up a weakly cross-linked gel. 
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* 


The coalescence behavior of isolated oil drops in microemul- 
sion systems and of microemulsion drops in brine systems is studied. 
A new 2xperimental method is presented for conducting such con- 
trolled coalescence tests in an inclined spinning drop apparatus. 
Observations on five oil-water-surfactant systems are presented, 
three involving iso-octane as the oil phase and two involving 
crude oils. Coalescence times were measured in terms of the ap- 
plied coalescence force and the droplet-droplet contact radius. 
The results show a wide range of behavior with coalescence rate 
per unit coalescence force varying over three orders of magnitude, 
with the specific magnitude for any given system being quite 
sensitive to the nature of the system and the associated phase 
changes with varying NaCl concentration. In nearly all cases, the 
most rapid coalescence occurred with the lowest tension systems. 
This apparently reflects the increased tendency of low tension 
systems to exhibit film rupture at relatively large values of the 
critical film thickness. The specific role of such effects and 
interfacial viscous effects are discussed. 


INTRODUCTION 


In the recovery of residual oil by low tension surfactant 
flooding, one can identify several key steps which are important 
to an efficient process. First the oil ganglia must be mobilized 
through the reduction of interfacial tension. These oil ganglia 
must then reconnect to form larger and larger ganglia, eventually 
leading to the formation of an oil bank. This oil bank must then 
sweep the production zone and effectively reconnect additional 
ganglia in the sweep path. 
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To date, much of the research on low tension surfactant 
flooding has been devoted to the identification of efficient surf- 
actant systems and conditions for mobilizing oil ganglia. Although 
the mobilization step is certainly necessary to the process, it, 
in itself, is not sufficient to insure success. In particular, it 
has been shown by investigators in this laboratory (1,2) that with- 
out reconnection, isolated ganglia will eventually experience 
breakup and/or re-entrapment, and the ultimate efficiency of the 
process will be quite low. 


The reconnection of oil ganglia is fundamentally a problem 
of coalescence. Coalescence occurs between droplets (or ganglia) 
when the thin film separating the drops is drained to such an 
extent that hydrodynamic disturbances and interfacial attractive 
forces eventually collapse the film (3-6). Over the years, 
droplet-droplet and droplet-interface coalescence phenomena have 
been studied by numerous investigators (see References 7-9 for 
summary reviews, and References 10-14 for the more recent and 
advanced works). Only recently, have such phenomena been recog- 
nized as important in surfactant flooding processes (1,2,15). 


In the present work, we summarize recent observations on the 
coalescence behavior of several oil-water-surfactant systems. We 
are particularly interested in the behavior exhibited by low ten- 
sion systems and the role of bulk phase viscous effects and dynamic 
interfacial properties such as interfacial shear and dilatational 
viscosities. Also, a new experimental approach for conducting co- 
alescence studies is described which involves tests in an inclined 
spinning drop device. This approach allows for coalescence tests 
under controlled conditions and provides an efficient method for 
quickly screening and evaluating different surfactant systems. 

In addition to providing direct measures of coalescence kinetics, 
such tests can also be used in the indirect determination of in- 
terfacial viscous properties. 


THE FILM DRAINAGE MODEL OF COALESCENCE 


Jeffreys and Davies (7) identify several stages of a typical 
coalescence process between two droplets, or between a drop and 
an interface. First, the drops approach one another resulting in 
inertial induced deformation and possible oscillation. The oscil- 
lations are damped by viscous effects and eventually a thin film 
of the continuous phase is formed between the drops. As time 
proceeds, the film is drained thinner and thinner until eventually 
rupture occurs. The process is ended with the rapid disappearance 
of the film and the combination of the contents of the drop phases. 


The film drainage step tends to be rate limiting. Most in- 
vestigators have been concerned with describing the kinetics of 
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this step through the use of film drainage models (7-14). Such 

analyses attempt to describe the relation between the coalescing 
force F, which promotes drainage, and the bulk phase and inter- 

facial effects which resist drainage. 


In Figure l(a) we illustrate a flat plate interpretation of 
the film drainage process;,in Figure 1(b) we show a typical time 
course of the film thickness 56. As illustrated, when the two 
drops are relatively far apart, 6 changes very rapidly with time 
under the action of a coalescing force F. (In any given applica- 
tion, the coalescing force may be a buoyant force, an externally 
applied force, a force resulting from dynamic pressure gradients 
in the continuous phase, or any other force causing the drops to 
come together.) As the drop surfaces approach one another, the 
viscous and interfacial resistance forces increase, and ddé/dt de- 
creases. This continues to slow the film drainage process as 
shown in 1(b) until a certain distance On is reached where hydro- 
dynamic disturbances and molecular attraction forces cause the 
film to rupture. If the molecular interactions are repelling, 
then dé/dt > 0, and we have a stable emulsion. 


The various hydrodynamic models presented for the film drain- 
age process are too numerous to review here. The works of Reed et 
al. (10), Ivanov and coworkers (11,13), Barber and Hartland (12), 
and Jones and Wilson (14) represent some of the more recent con- 
tributions. The work of Barber and Hartland is of particular 
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Fig. 1. Film drainage model of coalescence. 
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importance to the studies here since (1) dynamic interfacial ef- 
fects such as interfacial tension gradients and interfacial viscos- 
ities are included in the analysis, and (2) analytical solutions 
are obtainable, hence providing a convenient basis for interpreting 
and evaluating our experimental observations. More accurate inter- 
pretations might be possible with more complete theories, however, 
this would be achieved only at the ee of considerable effort 
in numerical computations. 


The important assumptions in the Barber and Hartland theory 
are: 


1) The film drainage process is quasi-steady state. 

2) The interfaces are flat as shown in Figure l(a). 

3) Drop phase effects, viscous and inertial, are negligible. 

4) The interfacial material behavior is described by a 
Newtonian surface fluid model involving shear and dila-— 
tional viscosities, € and kK, respectively. 

5) Interfacial tension gradient effects are represented as 
apparent dilational viscosity effects. 


Barber and Hartland present results for several assumed bound- 
ary conditions at r=R. Although the quantitative results are dif- 
ferent in each case, the qualitative results are consistent. The 
case used here is that where the shear stress is assumed to vanish 
at r=R. Although Barber and Hartland present their results in 
integral form, one can integrate their film drainage rate equation 
to obtain the following relation between the coalescence time t 
the applied force F, the effective contact radius R, the bulk phase 
viscosity of the film yu, the critical collapse distance 6., and the 
combination n = K' + € of the apparent interfacial dilational vis- 
cosity and the intrinsic interfacial shear viscosity: 


2 
to = jug Ix” - 4 Int, 00] (1) 
where ee (our? /6 ny 7? (2) 


Here I, is the modified Bessel function of zero order. 


Two limiting cases of Equation (1) should be noted. When yx 
is sufficiently large, say greater than 80 (for 5% error or less), 
the interfacial resistance to drainage is small, and Equation (1) 
becomes 


ey 
— ZAR 
rau FO. (3) 


which we term the mobile interface limit. On the other hand, if 
X is sufficiently small, say less than 0.5 (again for 5% error 
bound), the interfacial viscous effects render the interface 
essentially rigid and Equation (1) takes the form: 
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which is the rigid interface limit. 


It should be observed,that the dependence of t, on R varies 
between these limits, being second order in the mobile interface 
case, and fourth order in the rigid interface case. Also, the 
dependence on 6, changes from $¢> in Equation (3) to 6(* in Equa- 
tion ©4):.. 


In Figures 2 through 4 we illustrate the effects of n, 6, u, 
and R on t.F as predicted by Equation (1). In Figures 2 and 3, 
it can be seen that the effects of n and 6 are quite significant 
over the entire domain, whereas, the effect of U, shown in Figure 
4, is important only in the rigid interface region. This is physi- 
cally reasonable, since when the interfaces are rigid, the rate of 
film drainage will be largely governed by the viscosity of the 
film. On the other hand, when the interface is mobile, the flow 
in the film will be nearly uniform, i.e., v; will be nearly con- 
stant across the film, and corresponding shear rates and bulk phase 
viscous effects will be small. 
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Fig. 2. Figure illustrates the dependence of EP on the inter— 
facial viscosity coefficient n. 
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Fig. 3. Figure illustrates the dependence of t,F on the critical 
collapse distance 6, 


Theories that take into account the droplet viscosity fi or 
use different boundary conditions will result in somewhat different 
results. Drop phase viscous effects should be negligible compared 
to film phase viscous effects if fi/u << £/6 where £ is some charac- 
teristic length measure of the drop dimensions (say the undeformed 
radius). Since L/S >> 1, the above theory has a wide range of 
practical application. 


EXPERIMENTAL METHODS 


Apparatus: The coalescence experiments were carried out in 
a spinning drop interfacial tensiometer, Model 300, manufactured 
by the University of Texas. Inclination of the apparatus, which 
provides the buoyant force for coalescence, can be accomplished 
by turning a leveling screw. Use of this screw permits the 
tilting of the apparatus up to 7° upwards or 3° downwards. The 
angle is calculated from the location of a pointer placed on the 
end of the apparatus. 
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Fig. 4. Figure illustrates the dependence of top onthe film 
phase viscosity U. 


Pre-equilibrated solutions were introduced into the capillary 
tube with syringes. In most cases a number of oil drops existed 
after injection. Inclination of the apparatus forced the droplets 
to the higher end of the capillary tube where they coalesced to 
form one large drop. This large drop wetted the end of the tube, 
and careful manipulation of the tilt and rotational speed caused 
one or more drops to break off. If more than one free droplet was 
formed, the apparatus was again tilted to coalesce the extra drops. 
The size and number of drops broken off were influenced by the way 
the speed and inclination were varied. 


When one free drop had been formed and was far from the sta- 
tionary drop, the apparatus was leveled off, and the rotational 
speed that was desired for the experiment was chosen. The inter- 
face which had been altered during the previous process was then 
given the opportunity to come to equilibrium. A waiting period 
of at least one hour was chosen, since times longer than this 
seemed to have no effect on the coalescence behavior. The radius 
and length of the free droplet were then measured with the cathe- 
tometer, which was previously calibrated. 
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To induce coalescence the apparatus was inclined, moving the 
free drop back towards the stationary one. Since the two drops 
were far apart initially, by the time the free drop neared the 
stationary one the stationary drop had already reached its new 
equilibrium shape. The droplets appeared to contact each other 
(see Figure 5) at which time an extremely thin film of bulk phase 
fluid separated the droplets. The time interval between apparent 
contact and film rupture was taken as the coalescence time. 


Equations for the determination of contact radius R and co- 
alescence force F: In Figure 6 the geometry of the coalescence 


experiment is shown. Since the observed interface at z=06 is 
essentially flat, the pressure on the film side of the interface 
must equal the pressure on the drop side: 


p(r,6) = p(r,6) (5) 


Taking the reference pressure at z=L, and assuming quasi-static 
conditions, we obtain the following expression for (r,6) 


DCEO a= a 6g(Lsin® + rsindcos8) + = burr? (6) 


Here, a is the radius of curvature at z=L and r=0, O the inter- 
facial tension, § the drop phase density, g the acceleration of 
gravity, L the length of the drop, 9 the inclination angle, ¢ the 
angle measured from the horizontal line in the plane of the film 
(z=6 plane), and w the angular rotation speed of the capillary. 
Similarly, we can write the pressure p(r,6): 

Dae 
r 


p(r,6) = -pg(LsinO + rsindcos®) + Ssh 


; + p'(r,6) (7) 


where 0 is the density of the continuous phase and p'(r,6) the 
dynamic pressure in the film, i.e., the pressure over and above 
that which would exist if there were no film flow. 


Equating Equations (6) and (7) we obtain: 


Do 
20 Apga 2 ; NOE a 
! 6 = + -— 
p’ (ry6) = [1 7G (Lsin68 + rsindcosé) ss ] (8) 
Now, for long free drops in spinning drop geometries, Princen 
et al. (16) have established that 
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Fig. 5. Drop coalescence experiments in inclined spinning drop 
apparatus. 
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Fig. 6. Geometry of drop coalescence experiment. 


these results being considered valid when the free drop length Le 
is more than 8 times the free drop radius R,,. 


For the droplet-droplet coalescence experiment, we assume that 
the shape of the coalescing drop is similar to that of a free drop, 
except in the neighborhood the droplet-droplet contact (z=0), and, 
hence, 


2 2 el (11) 
Ry = Reo (G12) 


It then follows that if R/R, is small, the term 
Wace a Apw R Fe 
ApuTr"a < Apw'R’ ) (13) 


in Equation (8) will be small compared to 1. Also, if g(Lsin® + R)/ 
wR? << 1, then the term 
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i 4 g@sin® + R) 
“082 (sind + rsingdcos@) < : (sine ) (14) 
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will be negligible. Under these conditions, Equation (8) reduces 
to 


p'(r,6) = <2 (15) 


or from Equations (9)-(12) 


3 


p'(r,6) =F Reece 


fo (16) 


When applicable, these results imply that the dynamic pressure is 
constant. 


The dynamic pressure in the film can be related to the buoyant 
force F pushing the drops together by 


R 
FE = 27 | D..Ce..6 )¥dee (17) 
0 
Or, since: p'(e,6). is constant, 
F = mR“p'(r,6) (18) 


Substituting this result into Equation (16) and solving for R, we 
obtain 


= =e 
Rae eostlitan (19) 
37 A ERS 
so iia) 
Finally, using 
F = ApVgsiné , (20) 
we obtain: 
— —1/2 
Bee 4VgsinO (21) 
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The drop volume V is generally not measured; instead, the 
free drop measurements Lr and Re, are obtained. From the analysis 
oni Ieiestaxeem (re el. Cild)) 
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In summary, the determinations of the coalescence force F and 
the contact radius R require measurements of Ap, Re., Le, 9, and w. 
In view of the assumptions in Equations (11) and (12), Re and L 
could be measured instead of Re, and L>. In the experimental work 
here, we measured the free drop dimensions. 


Finally, we should nete that coalescence tests in the spinning 
drop device always involve coalescence of the less dense phase in 
the more dense phase. For an oil-microemulsion system (0O/ME), 
this generally means coalescence of oil drops in the microemulsion 
solution; for a microemulsion-water system (ME/W) it means coales- 
cence of ME drops in water. Coalescence of the reverse systems, 

ME drops in a less dense oil and water drops in a less dense ME 
system, are not possible. 


FLUID SYSTEMS AND PROPERTIES 


The fluid systems tested are shown in Table 1 along with the 
important fluid and interfacial properties. The constituents of 
Systems A and B are the same; they differ in that B has twice as 
much surfactant and alcohol cosolvent as A. System C has an iso- 
octane-CCl, mixture as the oil phase instead of iso-octane alone 
as in A and B. The CCl, was used to make the oil, water, and 
microemulsion phases of nearly equal density. This neutral buoy- 
ancy condition was needed in our measurements of interfacial vis- 
cosities with the drop deformation and orientation method (17,18). 


The surfactant in Systems A and B was Witco TRS 10-80, while 
in System C, an Exxon C-12 orthoxylene sulfonate was used. The 
phase behavior exhibited by A and B was that observed with most 
oil-brine-petroleum sulfonate systems. At low salt concentrations, 
two phase systems are observed with the surfactant residing in the 
water phase. (Note that in Table 1 the phase that contains the 
highest concentration of surfactant is considered the microemulsion 
(ME) phase.) At intermediate salt concentrations, a three phase 
region is observed with the ME phase being the middle phase. The 
lower values of interfacial tension are observed with these three 
phase systems, with the lowest tensions, at least for A and B, 
being those associated with the ME-W interfaces. System C does 
not exhibit a three phase region, but still, a rather low tension 
is observed for the ME/W interface of the 1.3% NaCl case. 


Systems D and E are crude oil-brine-surfactant systems, with 
System D involving Witco 10-80 surfactant and System E the Exxon 
C-12 orthoxylene sulfonate system. The large amount of surfactant 
and alcohol used in System D was to insure a large middle phase 
volume, the latter being required for interfacial viscosity mea- 
surements on a viscous traction instrument. 
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Both systems exhibit a three phase region at intermediate salt 
concentrations. Also, the interfacial tensions associated with the 
three phase region are somewhat lower than those associated with 
the two phase cases. The lowest tensions are observed with the 
O/ME interfaces of the three phase systems. This is different from 
the behavior for Systems A and B where the ME/W interface produced 
the lowest tension. 


Finally, it should be noted that the viscosities associated 
with the crude oil systems are considerably larger than those of 
the iso-octane systems; the highest viscosities being produced by 
the ME phase. 


The order of mixing and preparation of oil-water-surfactant 
systems is of great importance, as shown by Puig et al. (19), and 
can influence the time required for equilibration, the structure 
of the microemulsion, and the interfacial tension. All solutions 
were prepared in the same manner to avoid order of mixing effects. 
First, the brine solution was prepared, to which a solution of 
surfactant in alcohol was added. After mixing this solution, the 
oil was added, and the mixture was stirred vigorously with a magnet-— 
ic stirrer for at least one day. (The crude oil was filtered 
before its addition.) 


In order to eliminate the complications of mass transfer and 
changing droplet size in the coalescence experiments, the solutions 
were allowed to equilibrate for at least one month at 25.0°C + 0.5°C. 
Interfacial tension was determined on the spinning drop apparatus 
in the course of the coalescence experiments. Viscosities were 
determined using Canon-Fenske viscometers. Density measurements 
were made on an analytical balance by measuring the buoyancy of a 
solid plummet immersed in the fluid. 


EXPERIMENTAL OBSERVATIONS 


A typical experiment involved placing drops in the apparatus 
and running a number of tests at different rotational speeds, drop 
volumes, and inclination angles. This allowed coalescence time 
measurements over a range of contact radius values. In each ex- 
periment, the coalescence time Ens the coalescence force F, and 
the contact radius R were obtained. 


In Figure 7 we show the results for System A. The ordinate 
of this plot, tUF, represents the reciprocal of coalescence rate 
per unit coalescence force, and the abscissa is the contact radius 
R. For any given value of R, the system with the fastest coales-— 
cence rate would be the one with the smallest value of tk, and 
that corresponding to the slowest rate, the largest value. 
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Fig. 7. Coalescence data, System A. 


In Figure 7, we see that the fastest coalescence rates are 
associated with the 2.6 ME/W case. In fact, the coalescence times 
measured for this system were so small that only a few reliable 
data were obtainable. In Figure 7, these are shown in the vicinity 
of t\F ~ 3.5 x 10 ° mNes and are clearly an order of magnitude 
below the values associated with the 2.6 O/ME system, which repre- 
sents the next fastest coalescing system. The slowest coalescence 
was observed with the 0.9 O/ME system, and the t.F values for this 
system were almost two orders of magnitude above the 2.6 ME/W 
system. 


Based upon the dependence of t_F on R implied by the mobile 
and rigid interface limits of Equations (3) and (4), it follows 
that the 6.1 ME/W case exhibits more mobile interface behavior 
than do the 0.9 O/ME and 2.6 O/ME cases in Figure 7. This suggests 
faster drainage rates for the 6.1 ME/W system; however, since the 
observed coalescence times are higher for this case than the 2.6 
O/ME case, it follows that the associated critical collapse dis- 
tance must be smaller. Evidently, the lower interfacial tension 
associated with the 2.6 O/ME system must make the film less stable 
and Ou much larger. 
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In Figure 8 the results for System B are shown. Here again, 
the fastest coalescence rates are associated with the systems in 
the three phase region (1.5% O/ME and 1.5 ME/W), where the lowest 
interfacial tensions are observed. Also, the more mobile inter- 
faces (i.e., those corresponding to the smallest slopes on the 
t.F vs. R plot) are associated with the higher concentration salt 
solutions, just as observed with System A. 


The similarities between Systems A and B might be expected 
since only the surfactant-cosolvent concentration has been changed 
from one to the other. Evidently, at these surfactant-cosolvent 
concentration levels, the addition of more surfactant-—cosolvent 
simply shifts the optimal salinity region to lower salt concentra- 
tions, but has little effect on the coalescence characteristics of 
the systems in the respective two and three phase regions. 


The results for System C are shown in Figure 9. This system 
is quite different from Systems A and B in that a different surf- 
actant has been used and CCl, has been added to the oil phase 
(iso-octane). First, we note that the lowest te values in Figure 
9 are an order of magnitude greater than the lowest values in 
Figures 7 and 8, even though the lowest tensions achieved in these 
cases are similar. Also, in System C the most mobile interface is 
that associated with the lowest tension system (1.3 ME/W), and the 
slowest coalescence rate is observed at the lowest salt concentra- 
tion, rather than the highest as in Systems A and B. One important 
similarity between Systems A, B, and C, however, is the consistent 
inverse relationship between coalescence rate and interfacial 
tension, i.e., coalescence rate increases as the interfacial ten- 
sion decreases. 


In Figures 10, 11, and 12 we show the results for Systems D 
and E. These are crude oil-brine systems, involving the same oil 
(Delaware-Childers), but with different surfactants and different 
surfactant-cosolvent concentrations. System D, which has 4% Witco 
10-80 and 20% TBA, exhibits a three phase O/ME/W region, but the 
tensions are not low (refer to Table 1). The corresponding co- 
alescence times, even in the three phase region, are quite high, 
with the lowest t.F values in Figure 10 being almost 100 times 
greater than those of Systems A or B. Also, with System D, the. 
lowest tension system (9.1 O/ME) does not exhibit the fastest 
coalescence rates; both the 2.4 O/ME and 9.1 ME/W systems show 
slightly lower coalescence times and, correspondingly, faster 
coalescence rates. One possible explanation is that continuous 
phase viscosity of the 9.1 O/ME case, i.e., the viscosity of the 
microemulsion phase, is quite high compared to the continuous 
phase viscosities in the other cases. 


The coalescence results for System E are shown in Figures 11 
and 12, with the lower salt concentration results being presented 
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2WT% WITCO 10-80 
lIOWT % TBA 


10 % NaCl: 
A 04 O/ME 
408 O/ME 
v 15 O/ME 
Vv 15 ME/W 
O° 2.3 ME/W 
@ 3.0 ME/W 


obs 102 
R( cm) 


Fig. 8. Coalescence data, System B. 


in Figure 11 and the higher concentration results in Figure 12. 

In considering these results, we first note that relatively low 
values of t_F were obtained with this system. In fact, if one 
éxtrapolates the results of the fastest coalescing system (the 
8.0% NaCl ME/W system) into the range of contact radii measured 
for the rapid coalescing 2.6 ME/W system of B, we find that the 
same magnitude of t_F values are obtained. Clearly, System E, 
like B, possesses certain characteristics favorable to coalescence. 
First, low tensions are obtained at several salt concentrations in 
the three phase region, and the fastest coalescence rates are ob- 
served with these low tension systems. Also, the slopes of the 
curves in Figures 11 and 12 are, as a group, somewhat lower than 
those of the other systems indicating more mobile interfaces. 

Both the low tensions and the mobile interface characteristics 
would tend to result in less stable films, larger values of Ou> 
and in the end, shorter coalescence times. 
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Fig. 9. Coalescence data, System C. 
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Fig. 10. Coalescence data, System D. 
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Fig. 11. Coalescence data, System E - lower salt concentrations. 


ANALYSIS OF RESULTS RELATIVE TO BARBER-HARTLAND THEORY 


In order to more completely assess the implications of the 
results in Figures 7 through 12, we were interested in analyzing 
the results in terms of the Barber-Hartland theory. Basically, 
this involved predictions of n and 6 using the coalescence data 
and Equation (1). Although this does not provide a check of the 
theory, it does provide a framework for interpreting the results 
and analyzing the contributions of the various important factors 
(bulk viscous effects, interfacial viscous effects, critical col- 
lapse distance, etc.). Of course, the accuracy of these inter- 
pretations and analyses is strictly dependent on the accuracy of 
the theory. The evaluation of the latter requires independent 
determinations of ny and Ons which, at the time of this study, were 


not available in this laboratory. Tests of this type are currently 


being set up, and the results will be reported at a later date. 


Now, to find n and od for each of the systems studied requires 
a non-linear, multidimensional regression analysis in which the 
best fit values of these parameters are obtained consistent with 
some minimization criterion. Here, we found n and oe which mini- 
mized 
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Fig. 12. Coalescence data, System E - higher salt concentrations. 
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for each fluid system data set. Here Ct) 4 and CEEP) oe are the 
predicted and measured values of t.F corresponding to each measured 
value of the contact radius R;. A multidimensional Newton-Raphson 
method was used to solve the minimization equations. 


In Table 2 we provide the results of these computations, as 
well as summary of the experimental coalescence data. The first 
four columns in the table identify the particular fluid system and 
gives the important physical properties, i.e., the interfacial 
tension and the film phase (or continuous phase) viscosity. In 
the next two columns we summarize the ranges of the measured con- 
tact radii and the coalescence times, the latter being put in the 
form t F/27R which provides a convenient measure of reciprocal 
coalescence rate per unit coalescence stress. By coalescence 
stress we mean that stress which drives the interfaces together 
and promotes the film drainage. We use t F/2mR2 instead of t.F 
here because the former is less sensitive to the magnitude of the 
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contact radius. Hence, by comparing the various t F/2mR2 values 
for each system, one can immediately identify the hierarchy of co- 
alescence rate behavior. The system with the fastest coalescence 
rate will have the lowest value of eR] 20K, and the one with the 
slowest rate, the highest value. 


In the last five columns we provide the values of the inter- 
facial mobility parameter n (here n corresponds to power in 
t.F ~ R@), the predicted ratio of the surface viscosity coefficient 
nN and the critical collapse distance ous the predicted individual 
values of n and 6,, and, where available, values of n = K'+€ or Ey 
obtained by direct methods. In the latter cases, the 7 data were 
obtained from a drop deformation method (17,18), and the e€ data 
from tests in a viscous traction instrument (20). 


The interface mobility parameters were obtained from the 
slopes of the log tF and log R data for each system. It is an 
important parameter since it indicates when the limiting case 
results apply. When n=2, we have the mobile interface limit, and 
separate determinations of n and 6, are not possible; only n/s, 
information can be obtained from Equation (3). In the rigid in- 
terface limit, i.e., n=4, only Oo can be obtained by fitting the 
data to Equation (4). 


Considering the results for Systems A and B, we see that, as 
noted before with respect to Figures 7 and 8, the fastest coales-— 
cence rates (smallest values of t .F/2mR2) are associated with the 
lowest tension systems. Also, for each system, the interface 
mobility increases with salt concentration, and, at the highest 
concentrations, the mobile interface limit (n=2.0) is realized. 
The n/s, value found in each case corresponds closely to the 
average value of taF/20RA, Large values of n/é, infer large 
values of interfacial viscosity and/or small values of the criti- 
cal collapse distance. Large values of n would promote more rigid 
interfaces and longer coalescence times. Small values of oF mean 
that the film would have to drain longer before film collapse. 
Obviously, the larger N/ OG; the longer the coalescence time t,. 
On the other hand, if n is sufficiently small and 6 sufficiently 
large, a rapid coalescence event can occur. 


In using n/S¢ as an indication of the coalescing character- 
istics of systems, it is implicitly assumed that the interface is 
not rigid, i.e., n#4. When a rigid interface occurs, the important 
physical parameter is 1/62 [see Equation (4)], and not n/é. Co- 
alescence rates under such conditions increase with decreasing 
values of u/s. This is illustrated in the 0.4 and 0.8 O/ME cases 
of System B. 


The individual values of oh and n can be estimated in those 
cases where an intermediate interface mobility is realized, i.e., 
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n#2 or 4. Only a few cases for Systems A and B were of this type. 
In those cases where 6, values were obtained, it ranged between 
0.11 and 0.54 um, with the smallest values (and, correspondingly, 
the largest coalescence times) associated with the lowest salt 
concentrations, and the largest values with the salt concentrations 
in the three phase optimal salinity region. Values of 6. have 
been directly measured fer pure and surfactant solutions (21), and 
these are generally found to be less than 0.1 um, and more typi- 
cally 0.02 to 0.05 um. The high values observed here may reflect 
the striking differences between low tension systems like those 
tested here, and the higher tension systems studied previously by 
other investigators. In particular, various critical collapse 
theories (22,23) suggest that the critical film thickness would 
increase with decreasing 0. For very low values of 0, the criti- 
cal film thickness could be quite large and the coalescence event 
quite rapid. 


Values of the interfacial viscosity coefficient n = K'+e were 
obtained only in a few cases for Systems A and B. The values ob- 
tained appear to be fairly low, and there is some indication that 
the highest values are associated with the lowest salt concentra- 
tions (note the values predicted for the 0.9 and 2.5% cases of 
System A, and also note that the 0.4 and 0.8 O/ME cases for System 
B are rigid interface cases suggesting relatively large values of 
n)- 


In addition to the importance of the critical collapse dis- 
tance, the rate of film drainage is important. In the case of 
mobile interfaces the ratio n/S¢ represents the most important 
physical parameter. For rigid interfaces, the important parameter 
is u/d*. 
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THIN FILMS AND FLUID DISTRIBUTIONS IN POROUS MEDIA 


K.K.: Mohanty, H.T. Davis and L.E. Scriven 


Department of Chemical Engineering & Materials Science 
University of Minnesota 
Minneapolis, Minnesota 55455, U.S.A. 


Investigations of thin-film effects by means of complete solu- 
tions of the augmented Young-Laplace equation are summarized, as 
are the implications for observable contact angle, certain wetta- 
bility syndromes, and breakup of nonwetting phase as it is replaced 
in a porous medium by wetting phase. Apparent contact angle, cap- 
illary pressure, and thin-film thickness are found to be inter- 
dependent at equilibrium: contact angle in porous media may depend 
significantly on pore size, fluid proportions, and filling history. 


INTRODUCTION 


Oil-bearing sedimentary rocks are frequently classified as 
either water-wet or oil-wet porous media, although categories of 
intermediate and mixed wettabilities are sometimes also set up. 
Wettability refers variously to spontaneous imbibition of water or 
oil, to the shapes of the curves of the relative permeabilities 
versus saturation (fraction of pore volume occupied by a given 
fluid) or to an apparent contact angle, i.e. the visually observed 
angle of intersection of a water-oil meniscus with a smooth sur- 
face of the rock or of an ostensibly equivalent solid material. 

In some circumstances a fluid can be totally wetting to a porous 
medium. In such cases a thin film of wetting fluid covers the 
solid. If bulk amounts of wetting fluid are present they connect 
to thin film through transition regions in which the film thickens; 
the wetting fluid is then distributed not only in continuous and 
disconnected pendular states of bulk material, but also in thin 
film states. When the surface area of the solid is great, as it 
can be, for example because of clay minerals in sandstone oil 
reservoirs, the thin films can contain appreciable inventories of 
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wetting fluid which is difficult to displace. The intermediate 
and mixed wettability syndromes probably stem from thin film phe- 
nomena. All in all, it appears that films are important determi- 
nants of the distribution and recoverability of fluids in porous 
media. 


In this paper we summarize investigations of the conditions 
under which thin films form; the effect these films have on equil- 
ibrium meniscus shapes and on apparent contact angles; and the 
role that film instabilities can play in isolation and entrapment 
of nonwetting fluid (1-4). We do not attempt to cover the highly 
important effects of the geometric and compositional heterogeneity 
of the surfaces of most solids in reality (4). 


The shape and stability of menisci between bulk fluids is 
described classically by the Young-Laplace equation and its asso- 
ciated energy equation. When thin films are present these equations 
must be modified to take into account the effect of the interaction 
of the phases confining the film with each other and with the film 
material. For films no more than several molecules thick (adsorbed 
states), classical analysis is best abandoned entirely and a molec- 
ular model used in its place. However, for films at least an in- 
terfacial width thick--what can be called a thin thin-film—-the 
departures of equilibrium chemical potentials and, in particular, 
stresses from those in bulk material of the same composition and 
temperature can be adequately accounted for by augmenting the 
Young-Laplace equation with the dtsjoining pressure, an entity 
defined some time ago by Deryagin (5) and now in fairly common use 
in thin-film analysis. The thin films treated in this paper are 
thick enough to be described by the disjoining pressure concept; 
molecularly thin films are the actors in adsorption but have little 
mobility and carry negligible inventory of fluid and so lie outside 
the scope of the present discussion. 


AUGMENTED YOUNG-LAPLACE EQUATION 


It has long been realized (5) and experimentally verified (6) 
that the normal stress (normal denoting the direction perpendicular 
to the interface) in a sufficiently thin, flat, fluid film at rest 
is different from that of the same fluid in bulk state. The normal 
stress in a layer or ordinary film of bulk fluid is of course the 
thermodynamic pressure of hydrostatic equilibrium. The difference 
is commonly known as disjoining pressure, 


M(h) = PyQuyh) - Py Qu,@) (1) 


where h denotes the thickness of the film. 
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Related to this is the concept of disjoining potential, 
AGh) = u (Py 5h) - u(P = P.,,~), which is the difference between the 
chemical potentials of a bulk fluid and a thin film under the same 
normal stress or pressure. II and Au are related, the ratio being 
the negative of the density of the film phase if it is incompres-— 
sible. 

Pid 

Disjoining pressure and potential arise because molecules in 
a thin film reside in a different environment than those in a bulk 
phase of the same composition, temperature, and chemical potential. 
Several contributors to the disjoining pressure are known (see 
Table 1). The literature about molecular and ionic-electrostatic 
components is well reviewed by Sheludko (7). The structural con- 
tribution formally identified by Deryagin et al. (8) seems not to 
have been fully examined theoretically. All of the contributions 
have multicomponent versions (9) and are more or less additive. 
Their dependences on thickness are more complicated than the ap- 
proximations in Table 1. It turns out that depending on the con- 
stitution of the three phases involved, the disjoining pressure 
(or potential) can vary with thickness in a variety of ways. 
Figure 1 shows a number of representative possibilities catalogued 
by Dzyaloshinskii, Lifshitz and Pitaevskii (10). The functional 
form of disjoining pressure governs equilibrium film states and 
their stability, as we now show. 


Table 1. Sources of Disjoining Pressure 


Approximate De- 
pendence on 
Thickness 


Component Molecular Origin 


London-Van der Waals' dis- for small 
persion force including 


electromagnetic retardation 


Molecular, 


I 
cs Bh-4 for large 


h 
Ch-2 for water 


Ionic-electrostatic, | Overlapping of double 


I layers on quartz 
a (15) 
Structural, Short range forces (Unsettled) 
I Hydrogen bonding 


S 
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MOLECULAR IONIC ELECTROST. STRUCTURAL 
CONTRIBUTION, IIm CONTRIBUTION, Il, CONTRIBUTION, II, 
(ajuen he Osa On BO C20 I, > 0 
Mv 
(b) ee A<0,B<0 C=0 M1, >0 
iM 


h A>0,B<0O c20 NI, >0 


II 
(d) A>0O,B>0 Cc 20 I, >0 

Mv 
(oleae h A<0,B>0 C20 lI, >0 


+ be 


Fig. 1. Lifshitz et al.'s catalog of disjoining pressures (10) 
(and disjoining potentials). 


In a fluid layer of nonuniform thickness the local disjoining 
pressure depends not only on thickness, but also on the gradient 
of thickness and even on higher-order gradient-like derivatives. 
The full story is not yet known, but if the thickness gradient is 
not large and the radii of film curvature are everywhere several 
times the interfacial width, then disjoining pressure can be re- 
garded as a function of thickness alone (11). 


If the film is not too thin--a "thick" thin-film rather than 
"thin" thin-film--the interfacial tension between it and contiguous 
fluid can be taken as independent of thickness (12). 


The Young-Laplace equation of capillary (with interfacial ten- 
sion a constant) can be brought to bear on equilibrium film shape 
in these circumstances. It is 


Pa ~ PAB = 2Ho (2) 


where Py i and Py B denote normal stress in phases A and B, respec- 
2) > 
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tively, locally next_to the interface. The mean curvature of the 
interface is 2H = r)7~ + ro“, where r, and Yo are the principal 
radii of curvature, which depend on spatial derivatives of film 
thickness. When gravity and other body forces are negligible or 
absent, the pressure throughout bulk phases at rest is uniform and 
we have Py,A = Pa and PNB =eP ta ll5- whence 


a 

2Ho + I = P - Po =) (3) 
X is a constant over the entire interface and is called the capil- 
lary pressure (though it is a pressure difference, a distinction 
worth remembering). This equation is the augmented Young-Laplace 
Equatton that relates film curvature H and film thickness h. 
Because H is generated by a second order, non-linear differential 
operator on h and JI is a non-linear function of h, solving the 
equation for equilibrium film shape is often far from easy. If 
external body forces are present, the terms representing them are 
simply added to the right hand side of Equation (3). An essential 
feature of the equation is the additivity of disjoining and capil- 
lary pressure, which, it appears, was first recognized by Deryagin 
(13). Different forms of this equation have been used by Padday 
(lo) DerVacin eteal.. (159, sPni lip (16) and Renk et.al, (17). 
Berry (18) derived essentially the same equation from the statis- 
tical mechanics of a simplified molecular model. 


FILMS ON SIMPLY SHAPED SOLIDS 


If the film is supported by a solid of simple shape and the 
disjoining pressure is given by a polynomial in the thickness of 
the film, the augmented Young-Laplace equation becomes an ordinary, 
second-order differential equation, still nonlinear but solvable 
by straightforward quadrature, though in most cases the final in- 
tegral has to be evaluated numerically (1,16). This useful fact 
was overlooked by previous investigators, who employed tedious 
asymptotic methods either informally (15) or more formally (17) for 
approximations to the (almost) uniform thin film and to the (almost) 
bulk film that exist in equilibrium; these approximations had to be 
matched together. Our solution by quadrature gives the entire film 
profile at once, including the region of transition between the 
asymptotic approximations. Sufficiently simple shapes of supporting 
solid include two-dimensional ones, e.g. two opposed parallel plates 
(slots and fissures), a bundle of parallel circular cylinders, in- 
tersections of plates (wedge-shaped pores), tubes of polygonal or 
axisymmetric cross-section, and rods and chains of polygonal or 
axisymmetric cross-section (e.g. a string of spheres). 


When inside a slot or a tube there is a filled length behind 
a bulk meniscus that connects to a thin-film in a partly-filled 
length, the slot half-width or tube radius, R sets the thin-film 
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thickness (Figure 2). The reason is that the slot or tube places 

a geometric lower bound on meniscus mean curvature H (i.e. an upper 
bound on radii of curvature); capillary pressure is proportional 

to meniscus curvature; chemical potential depends on capillary 
pressure; and thin film thickness is set by chemical potential, 
whether it is represented by disjoining potential or Deryagin's 
disjoining pressure. Thus 


R 
1(h,) “(RR - ho) - | I(n) dn =o LO slots 
h (4) 
fo) 
I(h) *R+0 : S 
PETG ee GE Ry | kn) dn = 6.,<for-tubes 
fe) 
h 
fe) 


Table 2 gives the thickness, h,, of water and octane films 
connecting to bulk fluids in narrow quartz tubes that are partially 
invaded by vapor. The physical constants for water are taken from 
Deryagin et al. (15) and those for octane are from Churaev et al. 
(19). Because the disjoining pressure is a positive and decreasing 
function of film thickness, h, increases as the tube radius in- 
creases. 


If disjoining poece une changes sign and slope as in Figure lc-- 
e.g. Il = Ah73 - Bho the first term being the molecular component 
and the latter the ionic-electrostatic component--then a thin film 
inside a tube can connect to an axisymmetric swelling containing 
bulk fluid under a meniscus that has a negative radius of curvature 
as shown in Figure 3a. Such a swelling is called a collar because 
of its similarity to the collars that can form around tight pore 
throats within porous media. The biconical pore shown in Figure 4a 
is an instructive, axially symmetric model of the converging- 
diverging nature of pore throats. Collars can form in both cylin- 
drical and biconical pores when completely wetting fluid is dis-—- 
placed by a non-wetting fluid. 


Fig. 2. Thin-films in a partially filled capillary or slot 
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Fig. 3. Film with collar inside circular tube: (a) shapes having 
different neck radius; (b) neck radius vs. capillary pres- 
sure (dimensionless variables); (c) voiume of the collar 
(local saturation) vs. capillary pressure. 
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(a) 


(b) 


(c) 
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Fig. 4. Film with collar inside biconical pore: (a) representa- 
tive shape; (b) neck radius vs. capillary pressure (di- 
mensionless variables); (c) volume of the collar (local 
saturation) vs. capillary pressure. 
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Table 2. Effect of Tube Diameter on Limiting Film Thickness 


Film Thickness h,, A 


Quartz—Octane 


Quartz—Water 


Tube Radius, um 


s § 


Parameters 


n 


On9-x Vane Joules 


21.8 dynes/cm 


x tee Newtons 


72 dynes/cm 


Such collars can become unstable and fill the pore locally 
under certain conditions, thereby breaking the continuity of non- 
wetting fluid in the pore. The non-wetting fluid is in effect 
"choked off," "pinched off," or "snapped off." Goren (20) and 
Everett and Haynes (21) have observed snap-off of non-wetting 
fluid in cylindrical pores. A given film configuration obtained 
as a solution of the augmented Young-Laplace equation is stable if 
the configuration minimizes an energy functional associated with 
the equation. Recently we investigated the stability question in 
detail (2). The results for the configurations considered here 
are summarized in the next section. 


ENERGY STABILITY ANALYSIS 


The appropriate energy functional, H to be minimized is the 
sum of surface energy, a pressure-related energy, and an inter- 
action energy associated with disjoining pressure. For axisymmetric 
configurations r = f(z) it is 


Gare | [20 £71 + oe — A £7 — 2nRw(h)] dz (5) 
where h = R - f, w(h) = - | Il(n) dn and R is the radial distance 


of the pore wall from its axis of symmetry. It is convenient to 
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employ the conjugate point condition for a local minimum (229% 
Figure 3b shows the capillary pressures i and the neck radii r, of 
collars that connect to uniform films in cylindrical pores, and 
Figure 3c shows the corresponding volumes of the collars. As the 
local wetting fluid saturation S,, tdefance for convenience here as 
the volume of the collar divided oh 4mR3) increases the collars 
grow until at a critical neck radius, they pass into the unstable 
regime and sooner or later choke off the non-wetting phase. The 
critical neck radius is about 0.4 of the tube radius if the volume 
of wetting fluid in the collar is fixed, i.e. if the connecting 
thin-films do not conduct fluid appreciably. In the total absence 
of such a volume constraint all collars in cylindrical pores are 
unstable. 


The collars at the throat of a biconical pore, as portrayed 
in Figure 4a, behave similarly. Again the maximum of volume cor- 
responds to the stability limit provided the collar volume is left 
unchanged by shape perturbations. In the case illustrated the 
critical neck radius is about 0.7 of the throat radius of the bi- 
conical pore. 


That a growing collar of wetting fluid in a converging- 
diverging pore throat does indeed become unstable and choke off 
or break the column of nonwetting fluid has now been demonstrated 
by S.R. Strand in our laboratory (3). In the experiments an 
aqueous solution was displaced by oil (Nujol) of the same density 
from a smooth, toroidally throated glass pore; the displacement 
was halted at various chosen stages; and the behavior of the 
aqueous collar that forms was observed and photographed. Small 
collars remain intact whereas larger ones are unstable and throttle 
the neck they surround, breaking the oil connection. The size of 
the collar that formed was controlled by the speed of displacement 
and the stage at which it was halted. Stability calculations have 
been completed for a photographed sequence of collar shapes. The 
predicted onset of instability agrees closely with the observa- 
tLonsm (4) 


DISJOINING PRESSURE AND APPARENT CONTACT ANGLE 


The length scale on which disjoining pressure is significant 
is typically less than the wavelength of light. Thus even when 
one of the fluids completely wets the solid in a thin-film state, 
the meniscus at observable distances from the solid may appear to 
intersect the solid at a nonzero angle. The optically observable 
contact angle, whether to the naked eye or through the usual 
microscope, is called the apparent contact angle and is, under 
conditions that are presumed to give equilibrium, what has long 
been called the equilibrium contact angle. 
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Knowing the entire interfacial profile one can find the angle 
at which the bulk interfacial profile appears to intersect the 
solid surface. The solid line in Figure 5 is the real interfacial 
profile described by Equation (3). The broken line is the extra- 
polated profile h*(z) resulting when the special properties of thin 
film are ignored, i.e., Il is equated to zero in Equation (3) to 


obtain 9 


d 


es ae Se Os =1/ 2 
0 ane Gea he) 


Ue aeens (6) 


for a two-dimensional meniscus. Integrating Equation (3) from far 
away from the solid to the ultimate thin-film thickness, NG eSiinl= 
larly integrating Equation (6) down to the solid surface, h = 0; 
and subtracting the two results gives 


(1 + ea = cos 9 = 1+ I(h_)/o (7) 
Z * Oo 
h*=0 
R 
wheren (hy). =e)" hie. + | I(n) dn. R can be regarded as infinite 
ho 


if Il = 0 for h2R. Because the augmented Young-Laplace equation 
is an equation of momentum balance at the fluid-fluid interface, 
its integral Equation (7) amounts to an overall force balance 
across the length of the transition zone. At equilibrium the 
system is conservative and so the same equation can be derived by 
a virtual work argument, as Ivanov et al. did (23). 


Certain implications of Equation (7) can be illustrated with 
the help of Figure 1. According to Equation (7), apparent contact 
angle 9 is real and nonzero only if I(h,) is negative. For positive 
PG) the extrapolated interface h = h*(z) does not intersect the 
solid surface h = 0, but an eye sees a zero contact angle. In 
Figure lc, TG) < 0 for h, more than some thickness hg, where 
h, < hy. Hence, the apparent contact angle is nonzero for h, > h,- 
Moreover, in this case as the limiting film thickness AS increases 
so does the apparent contact angle. That h, depends on pore diam- 
eter, R is already established. Hence even the apparent contact 
angle is influenced by the diameter of fine-bored tubes and pores 
(and by the width of narrow slots and fissures). 


There are exceptions to this rule. In Figure la II(h) 2 0 and 
so I(hj) 2 0. Hence the apparent contact angle is zero for all 
menisci, and thus for all pore diameters. On the other hand in 
Figure 1b Il(h) < 0 for all films except adsorbed layers; hence the 
apparent contact angle is nonzero but independent of capillary 
pressure. In this case there may exist a non-zero submicroscopic 
contact angle On at the adsorbed layer, but the macroscopically 
observed contact angle, or apparent contact angle, 9 is different 
from On the difference originating in the disjoining pressure. 
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Fig. 5. Apparent contact angle is the angle of intersection of 
the eye's extrapolation on the bulk meniscus with the 
solid surface. 


IMPLICATION FOR OIL-WATER DISTRIBUTION IN POROUS: MEDIA 


Altogether our investigations reveal that wettability phenomena 
in tight places need to be understood in terms of a closed loop of 
physically definable quantities, as diagrammed in Figure 6. The 
curvature of a meniscus in a pore is set by the pore radius and the 
apparent contact angle the meniscus makes with the pore wall. The 
curvature then sets the capillary pressure. The capillary pressure 
and the disjoining pressure II(h) determine the film thickness 
and this with the disjoining pressure Il(h) determines the apparent 
contact angle, which closes the loop. At equilibrium the thin- 
film thickness, the apparent contact angle and the capillary pres- 
sure are all interrelated. For a given fluid/porous solid combina- 
tion there may be no unique contact angle. In disequilibrium they 
continue to be interrelated but are affected by dynamic effects 
such as viscous stresses (11). The interplay of geometric quan- 
tities and physical properties evident in Figure 6 is the hallmark 
of fluid behavior in porous media. 


In a water-wet, oil-—bearing porous rock at a high enough oil 
saturation that only connate water is present, the water resides 
in films on mineral grains and the usually present clay structures, 
and in pendular accumulations in and around wall regions of high 
curvature such as necks of the solid matrix, pore throats, and 
grooves and pits on rough solid surfaces. From Table 1 it appears 
that the thickness of these wetting films can reach the order of. 
100A. On this basis, in a 35% porosity pack of clean quartz 
spheres of 10 um diameter the wetting liquid in thin films amounts 
to only about 1% of the pore space. This is very little compared 
to the typical connate water saturation in oil-bearing rocks. 
However, if the model sandstone contains clay minerals (clay con- 
tent = 2% by weight, specific area of clay = 100 m2/gm, and speci- 
fic gravity of both clay and rock = 2.5), then the wetting fluid 
in thin films would account for 20% of the pore space (provided 
there is enough spacing between clay platelets for wetting films 
to reside). This gives an indication that the amount of wetting 
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fluid in thin-films can be substantial in some circumstances, at 
least. If the wetting phase is oil, the thin film inventory could 
be of crucial importance to oil recovery. The fluid conductivity 
of such films is yet to be determined. 


As the wetting fluid saturation grows--and it necessarily does 
during oil production from water-wet rock--it accumulates in the 
pendular states. The growing collars around the pore throats here 
and there turn unstable and choke off oil junctions. The results 
of our analysis show that the smaller the throat radius compared 
to the size of the adjacent pore bodies the lower the local wetting 
phase saturation at which the instability sets in. Thus in any 
irregular porous medium in which non-wetting fluid is being re- 
placed with wetting fluid, the connections of the non-wetting fluid 
at each stage are more likely to be broken in the tighter throats 
in which they still exist. This process is aided by another mecha- 
nism of non-wetting phase disconnection called the "by-passing" or 
"Dore doublet" mechanism (24) which is governed by the topology 
(i.e. the connectedness) as well as the geometry of the pore space. 
As displacement progresses, more and more breaks occur with the 
result that portions of non-wetting phase become completely dis- 
connected from the connected pathways in which that phase is 
flowing. This process of isolation goes on until ultimately all 
of the remaining non-wetting fluid is in the form of isolated blobs 
that are scattered about the pore space (25,26). 
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ON THE FATE OF OIL GANGLIA DURING IMMISCIBLE DISPLACEMENT 


IN WATER WET GRANULAR POROUS MEDIA 


A.C. Payatakes, G. Woodham and K.M. Ng 


Department of Chemical Engineering 
University of Houston 
Houston, Texas 7/7004, U.S.A. 


In a series of previous publications a model was formulated 
for the study of the dynamics of oil ganglia populations during 
immiscible displacement in oil recovery processes. The model is 
composed of four components: a suitable model for granular porous 
media, a mobilization/breakup criterion, a Monte Carlo simulation 
metnod capable of predicting the fate (mobilization, breakup, 
stranding) of solitary oil ganglia, and two coupled ganglia- 
population balance equations--one applying to moving ganglia and 
the other to stranded ones. Central roles in this model are played 
by the probability of mobilization, the probability of breakup per 
rheon, the probability of stranding per rheon, the breakup coef- 
ficient and the stranding coefficient. These parameters have al- 
ready been calculated for randomly shaped oil ganglia. lJowever, 
stochastic simulations show that mobilized oil ganglia tend to get 
elongated and slender. The effect of slenderization on the afore- 
mentioned parameters is investigated here based on Monte Carlo 
simulation results. 


INTRODUCTION 


Primary and secondary oil recovery methods succeed in recover- 
ing, on the average, only one-third of the amount of oil originally 
in place. In view of the vast amounts of residual (non-recoverable 
with secondary processes) oil, and of the rapidly deteriorating 
petroleum demand-and-supply situation, development of enhanced oil 
recovery methods becomes an utter necessity, at least for the next 
few decades until more permanent energy sources can be developed. 
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At the end of secondary oil recovery processes, the residual 
oil is dispersed throughout the reservoir rock in the form of small 
oil ganglia (modular blobs) each of which occupies one to, say, 
fifteen contiguous microchambers of the porous medium. The rest 
of the porous space is taken by formation water. It is the object 
of enhanced oil recovery methods to mobilize as much as possible 
of this residual oil by miscible and/or immiscible displacement. 


Optimally designed micellar flooding begins as a (quasi) 
miscible displacement process, since the injected chemical slug 
has the capacity to solubilize the oil ganglia it encounters. 
However, this process inevitably deteriorates to a much less ef- 
ficient immiscible mode (1-3). During the immiscible displacement 
phase of the process, the advancing chemical slug fails to mobilize 
all the oil ganglia it engulfs. To make matters worse, the mobi- 
lized oil ganglia frequently fission, producing large and small 
daughter ganglia (4,5). The smaller daughter ganglia become 
rapidly restranded, unless the capi hlary. number of the flood is 
sufficiently large (say Neos ) to keep mobilized even small 
ganglia occupying only a few microchambers. Unfortunately, cap- 
illary numbers of this magnitude are hard to achieve and much 
harder to maintain. Consequently, a micellar flood fails to mobi- 
lize all the oil it encounters along its path; furthermore, it only 
succeeds in carrying to the production wells just a fraction of 
the initially mobilized oil. Obviously, this less than ideal per- 
formance is due (apart from sweep-efficiency effects) to the fact 
that a large part of the flood operates under immiscible displace- 
ment conditions. 


In view of the above, the mechanics of immiscible displacement 
of an oleic phase by an aqueous phase constitute a central aspect 
of micellar flooding, and warrant careful analysis. Much effort 
has been made to model the immiscible displacement of a single oil 
ganglion. The idea that mobilization hinges on the interplay be- 
tween viscous forces, on one hand, and capillary forces on the 
other evolved gradually. The capillary number, Noa> which is a 
ratio of viscous to capillary forces has emerged as the most im- 
portant parameter in immiscible flooding. Culminating a series of 
studies on the stability of liquid-liquid interfaces, Melrose and 
Brandner (6) proposed a criterion for the mobilization of isolated 
oil ganglia, which seems to be in satisfactory agreement with ex- 
perimental data. More recent studies in the same direction were 
reported by Stegemeier (7), and Oh and Slattery (8). These works 
shed valuable light into the mechanics of mobilization and entrap- 
ment, but leave some important questions unanswered. For instance, 
what happens to an oil ganglion once it is mobilized? More im- 
portantly, what is the collective fate of a large population of 
oil ganglia engulfed by an immiscible flood? Of course, previous 
authors have been aware of these questions all along. Melrose (9) 
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pointed out that in order to predict the set of experimental ob- 
servations usually reported, knowledge of the cooperative behavior 
of an ensemble of a very large number of interconnected cavities 
is required. This statement contains the key to further progress. 
It pinpoints the main difficulty and at the same time sows the 
seeds for its resolution. Clearly, in order to develop a good 
understanding of oil ganglia dynamics, formulation of a realistic 
porous media model which can be used for the study of oil ganglia 
motion, coalescence, breakup and stranding is necessary. 


Such a model is the point of departure of a recent series of 
studies: Payatakes, Flumerfelt and Ng (10-12), Payatakes, Ng and 
Flumerfelt (4) and Ng and Payatakes (5). The strategy of this 
effort is composed of the following steps. 


* Development of a suitable porous media model. 

* Development of a mobilization/breakup criterion. 

* Development of a Monte Carlo simulation method to study the 
fate of solitary oil ganglia and to determine probabilities 
of various events as functions of capillary number, ganglion 
size and porous medium geometry. 

* Development of a system of ganglia number balance equations 
governing the dynamics of oil ganglia populations. 

* Development of methods of solution of the integrodifferential 
population balance equations to study the dynamics of oil 
ganglia in immiscible floods. 


This effort is already at an advanced stage; steps one to four 
are, in essence, complete for the case of sandpacks and can be ex- 
tended with little extra effort to apply to consolidated porous 
media. A collocation method for the integration of the population 
balance equations is also nearing completion. 


The present study is concerned with an important question 
which pertains to the Monte Carlo simulation, and which arose 
during the study of the fate of solitary oil ganglia (5). Simply 
stated, this question is: what, if any, is the effect of the oil 
ganglion shape on the fate of the ganglion? We will attempt to 
answer this question here. To make the treatment comprehensible 
and self-contained we will start by reviewing briefly some back- 
ground material, without proof or unnecessary detail. The inter- 
ested reader is referred to the original references (see above) 
for particulars. Then, we proceed to treat the problem at hand. 


POROUS MEDIA MODEL 
The porous media model is a cubic network of unit cells, 


Figure 1, each one of which is a constricted segment of a sinus- 
oidal tube, Figure 2. The dimensions of a unit cell, namely the 
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throat diameter d, the maximum diameter a', the length h', the 
maximum diameter of the extended unit cell a, and the length of 
the extended unit cell h, are random variables. In the case of a 
pack composed of nearly uniform spheres or grains, these variables 
are highly correlated. Then, for simplicity, all the dimensions 
of a unit cell are assumed, to be proportional to its throat diam- 
eter d; the resulting network consists of unequal but geometrically 
similar unit cells. The throat diameter distribution and the 
constants of proportionality required to calculate a, a', h and h' 
from d are derived readily from the grain size distribution, the 
porosity of the packing and the initial drainage curve (4,10,12). 


Each node of the network is connected to six unit cells, 
Figure 1 (the pair normal to the plane of paper is not shown). 
One node and the adjacent six half-unit cells represent an elemen- 
tal void space, namely a cavity of the porous medium including the 
halves of satellite throats leading to neighboring cavities. One 
node and the adjacent”six half-unit cells comprise a conceptual 
elemental void space (CEVS). 


If a given elemental void space is occupied by oil, the cor- 
responding CEVS is assumed to be occupied by oil, too. According 
to the model, when a CEVS is occupied by oil, oil fills its six 
half-unit cells. The representation of an oil ganglion occupying 
several pores is made in an analogous way by filling the appropriate 
CEVS's, Figure 1. Unit cells containing an oil-water interface are 
called gate unit cells. As will be seen below, the sizes and 
relative positions of the gate unit cells determine the behavior 
of the oil ganglion. 


QUASI-STATIC CRITERION FOR THE MOBILIZATION 
AND BREAKUP OF OIL GANGLIA 


In studying the motion of oil ganglia, their shape, size, 
orientation relative to the macroscopic pressure gradient and 
topology of occupied space are important factors. Let i be the 
index identifying a gate unit cell, and let d. be the diameter of 
its throat. The drainage curvature through this cell is given 
approximately by 


i 
== 0 iL 
oar d, cos (1) 
where 0 is the apparent contact angle. Generalizing the Melrose- 
Brandner (6) criterion, Ng and Payatakes (5) developed the fol- 
lowing algorithm for the determination of the conditions for 
mobilization and of the locations of the xeron and hygron. 
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Step 1. Assign indices 1 = 1,2,...N,... to all gate unit cells 
(cells containing oil-brine interfaces) starting with 
the one furthest downstream. 

Step 2. Determine a first approximation to the value of the 
critical pressure gradient needed for mobilization, 
Carta (VPN by setting 

es CO) aan Meswodeh eee 
G =G 6 SSS 
cE cr L 
P 
where L. is the maximum ganglion length projected 
on the main flow direction. 

Step 3. Let K be the index of the gate unit cell through 
which the hygron will take place, if the ganglion 
gets mobilized. Determine K as the index value for 
which 

(K) Soe (j) Sa al eae 
J, (G..39) = max {J} (G39) 5 j = 2,3,...N, oH (2) 
where, by definition, 
G) AL, ,cos®, , 
gr’ (G36) = J,, .(8) + 1 ¢ (3) 
1 Lb yj Y 
ow 
with 
J = eee (4 
Cbaqias tae ) 
J 

Step 4. Let I be the index of the gate unit cell through 
which the xeron will take place, if the ganglion 
gets mobilized. Let the quantities 

: - AL, cos®, 5 eS 
eae OD Se ea 
be defined as appendix mobility factors. Determine 
I as the index value for which 
Ber Seman Nene a ES 1,2,.. Naud (6) 
Step 5. Determine a better approximation to Gor by setting 


Ga ee. (7) 
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Step 6. 


Step 7. 


Use the updated value of Guy and iterate Steps 3 to 


> until no changes in) K,. 1: and Guy are observed 


(usually one to two iterations are sufficient). Then 
proceed to Step 7. 


Mobilization will take place if 


Mialeeee. (8) 


16 


or, equivalently, if the appendix mobilization number 


= 8 {vel Si (9) 


N 
am KI pa 


or, equivalently, if 


(10) 


If the hygron (index K) takes place somewhere in the 
middle of the ganglion and the ganglion "thickness" 
at that point consisted, prior to the rheon, of a 
single CEVS (the one about to be invaded by the 
aqueous phase), fission of the oil-ganglion into two 
(very rarely three) smaller daughter ganglia results. 
From such point on, the two daughter ganglia are 
considered separately as distinct units. 


MONTE CARLO SIMULATION OF THE FATE OF 
SOLITARY OIL GANGLIA 


Such studies provide information pertaining to the behavior 


of individual ganglia and form the basis for the analysis of the 
collective behavior of large populations of interacting ganglia 
The latter problem, in turn, is central to the understanding 
of oil bank formation and/or attrition. 


(4). 


The details of the computer-aided Monte Carlo simulation are 


given in Ng and Payatakes (5). Basically, an individual stochastic 
realization involves four steps: 


Specification of proper random values for the dimensions of 
the unit cells of the porous media model. 

Specification of the size, shape and position of the oil 
ganglion. 

Specification of the capillary number value. 

Application of the mobilization/breakup criterion. 
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The expected behavior of oil ganglia can be expressed in terms 
of the following probabilities (per rheon) 


M = Pr {The ganglion gets mobilized (without fissioning) 
from its present position} GLE) 
B = Pr {The ganglion fissions during the current rheon} (12) 
S = Pr {The ganglion gets stranded at its present position} 
(13) 
which satisfy the obvious relation 
Mi Bee S =) 1 (14) 


Values of M, B and S for given porous medium and ganglion size 
can be calculated as functions of the capillary number based on 
hundreds of one-step Monte Carlo realizations, starting with random 
initial ganglia shapes. Examples of calculated results for a 
100x200 sandpack and ganglia sizes of 2-CEVS, 3-CEVS, 5-CEVS and 
15-CEVS are given in Figures 3, 4, 5 and 6, respectively (5). It 
is worth noting that these curves retain more or less constant 
shapes for oil ganglia volumes exceeding 3- or 4-CEVS. The main 
effect of increasing ganglion size is to transfer all curves to 
the left, towards smaller Noa values. 


A Stranded 
O Broken up 
O Mobilized 
ks 0 Number of realizations at 
= S each capillary number = 300 
3 
2 
a 


@) = = 
10° 164 16> 102 
Capillary number , Neg 
Fig. 3. Plot of the probability that a 2-CEVS blob introduced 
randomly into a 100X200 sandpack will find itself stranded 


(S), broken up (B), or mobilized (M) at that position 
versus capillary number. 
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Plot of the probability that a 3-CEVS blob introduced 
randomly into a 100X200 sandpack will find itself 
stranded (S), broken up (B), or mobilized (M) at that 


position versus capillary number. 
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° 
a 
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Plot of the probability that a 5-CEVS blob introduced 
randomly into a 100x200 sandpack will find itself 
stranded (S), broken up (B), or mobilized (M) at that 


position versus capillary number. 
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Fig. 6. Plot of probability that a 15-CEVS blob introduced 
randomly into a 100x200 sandpack will find itself 
stranded (S), broken up (B), or mobilized (M) at that 
position versus capillary number. 


The probability of stranding per rheon, S, decreases rapidly 
with increasing N,, and ganglion size; it is negligible for large 
ganglia (> 10-cEVs5 when N eo 5xl0 ~. The probability of breakup 
per rheon, B, for ganglia (joer than 2-CEVS is quite large ranging 
up to ~ 0.15. This implies that a mobilized solitary ganglion (or 
one that does not have the opportunity to meet other ganglia and 
coalesce with them) fissions after relatively few rheons into two 
daughter ganglia. This fission usually produces quite unequal 
daughter ganglia, one large and one small, Ng and Payatakes (5). 

If any of the daughter ganglia does not become immediately stranded, 
but keeps moving, it, in turn, has a high probability of fissioning, 
unless it gets entrapped before that. These observations indicate 
clearly the crucial role played by coalescence; the outcome of an 
immiscible flood is the net product of the competition of mobiliza- 
tion/collision/coalescence on one hand and breakup/stranding on 

the other. A quantitative treatment of this process was developed 
by Payatakes et al. (4,11,12). 


GANGLIA ELONGATION AND EFFECTS 


Mobilized oil ganglia have a definite tendency to become long 
and slender as they undergo successive rheons (5). They also tend 
to align themselves with the direction of the macroscopic flow. 

A consequence of this is that, as the ganglion advances through a 
homogeneous porous medium, its per rheon probability of getting 
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stranded, S, decreases. Its per rheon probability of fissioning, 
B, may also change. The extent to which these changes are signif- 
icant is not clear from the outset. 


To study this phenomenon we consider a thin "slug" of thickness 
56 composed of non-interacting oil ganglia undergoing immiscible 
displacement. One could*treate such a situation in the lab in 
either one of two ways. One could start with a very sparse popula- 
tion of ganglia arranged in a thin slug in a packing of, say, glass 
spheres; thanks to the low concentration, collisions between gan- 
glia during immiscible flooding become highly unlikely. Or, one 
could displace one ganglion at a time, repeat the experiment suf- 
ficiently many times, and consider the results collectively. Here 
we perform an analogous theoretical analysis, instead. 


Let n(z,t;v)Av be the number of moving v-ganglia™ per unit 
porous medium volume, where z is the spatial coordinate in the 
direction of the fload (z=0 is the injection plane), and t is time 
measured from the beginning of the flooding process. A stranding 
coefficient and a breakup coefficient » are defined by the fol- 
lowing two expressions: 


3 = 5 Na CLS) 
7) due only 
to stranding 
3a = - on (16) 
due only 


to) E1ssdion 


Hence, if we start with a monosized population of non- 
interacting v-ganglia, the population balance equation for v- 
ganglia becomes simply 


rs + u (v3a, ME) - u,(v3a,)[A(vsa,) + o(v3ay)] 


x n(z,t3v) (17) 


In the problem at hand, we are not concerned with daughter 
ganglia generated by fissioning of v-ganglia. 


Let a new time variable Tt be defined as 


T=t-—+— (18) 
u,(v3ay) 


* . 
v-ganglion is defined as one having volume between v and 
v + Av. 
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Clearly, tT is constant for an observer moving with the slug of 
v-ganglia. It can be shown easily that Equation (17) is trans- 
formed into 


[eet = - [A(v3a,) + o(v3a,) In(z,T3v) C19) 
OZ z —2 2 


Assuming that X and » are not functions of z, Equation (19) 
can be integrated to get 


Mf 
N(sstsv)) = == exp[-(A+9) z] ; (moving v-ganglia) (20) 


where y, is the number of v-ganglia per unit cross-sectional area 
in the initial slug. 


The coefficients \ and ¢ are related to the per rheon prob- 
abilities M, B, and S through the relations 


S 2nM 
K=- Ge ae (21) 
Z 
B 2nM 
Ge =a: Ts, (22) 


where s, is the expected length of axial migration of the centroid 
of the ganglion per rheon, and is easily determined from stochastic 
simulations (5). 


Let, now, 0(z,1t;v)Av be the number of stranded v-ganglia per 
unit porous media volume, and let 8(z,t;v)Av be the number of 
v-ganglia that fissioned per unit porous media volume (at z). We 
can show easily that, in the case under consideration, 


O25 Ts Vv) =A ae exp[-(A+¢) z] €23) 
B(z,t3v) = 6 y, expl-(+o)z] (24) 


In deriving Equations (20), (23) and (24) we neglected axial | 
dispersion of v-ganglia. This simplification is justified, if we 
restrict our attention to small slug migration distances. 


Equation (20) gives the number concentration of v-ganglia in 
the slug still moving at position z, Equation (23) gives the con- 
centration of stranded v-ganglia left behind by the passing slug, 
and Equation (24) gives the corresponding number of v-ganglia 
fissions. If we plot—%n(nd/y,) versus z/% we get a straight line 
with intercept unity and slope -(\+))2, where 2 is the length of 
periodicity of the porous medium, (Figure 1). If we plot &n(ok/y,) 
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versus z/% we get a straight line with intercept 2n(\% and slope 
=-(A+o)2. Similarly, if we plot &n(B&/y,) versus z/2 we get a 
straight line with intercept £n(p%) and slope, again, -(A+o)%. Of 
course, this linearity is a consequence of our assumption that 
and $ are not functions of z and have values which are averages 
over the ensemble of completely random shapes. Now, if we recall 
that a migrating solitary ganglion tends to elongate, and that M, 
B and S depend on the projected ganglion length L., we conclude 
that 4 and ¢ may very well be functions of z, tending to values 
corresponding to the most elongated shape(s). It follows that 
£n(nd/y,) vs. z/2, &n(ok/y,) vs. z/& and &n(BL/y5) vs. z/% curves 
should actually deviate from linearity. This provides a basis for 
testing the magnitude of effects caused by elongation. 


With this goal in mind, the stochastic simulation method was 
used to make numerical experiments, taking as basis the porous 
media model for a 100X200 sandpack (4). For fixed ganglion volume 
and random initial shape, one-thousand realizations were made with 
the same capillary number value (Noa = 1.5xl0°~) allowing in each 
realization the ganglion to migrate until it either fissioned or 
it got stranded. Superimposing the starting planes of all realiza- 
tions and considering the entire ensemble of results, "experimental" 
values of (nd/y,), (oX/y,) and of (B%/y,) can be determined. To 
this end, we consider several positions along z, and at each posi- 
tion z we count the number of moving v-ganglia, the number of 
stranded v-ganglia left in the interval (z + % Az) and the number 
of fissions of v-ganglia in the interval (z + % Az). Then we cal- 
culate readily the following variables 


_ number of v-ganglia still moving at position z 


initial number of v-ganglia in the slug (25) 
y= number of v-ganglia stranded in the interval (z + % Az) (26) 


initial number of v-ganglia in the slug 


_ number of v-ganglia fissioned in the interval (z + % Az) 
= Seer aaa (27) 
initial number of v-ganglia in the slug 


Of course, ~ and w depend on Az, and in order for our results to 

be meaningful, Az must be sufficiently small, say, Az << %. The 
ratios x, /Az and w/Az correspond to (né/y,), O/y, and B/y,, and 
therefore the "experimental" values of (né/y,), (o&/y,) and (B2/y_) 
are xy, (W2/Az) and (w%/Az), respectively. The values of x, (W2/Az) 
and of (wt/Az) thus obtained are based on one-thousand Monte Carlo 
realizations. To obtain a measure of the errors involved, we re- 
peated the procedure five times, and used the x, (WR/Az) and (wk/Az) 
values (at each z) as single observations. Using the Student 
t-distribution we calculated error bounds at the 95% confidence 
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level. The results of this study for 5-CEVS, 7-CEVS, and 15-CEVS 
ganglia are plotted in Figures 7 to 14. A plot of (&/Az) vs. 
(z/2) for 15-CEVS is not given, because, as_it turns out, too few 
large ganglia get stranded at Nene 1.5x1073. The results in each 
of these figures are based on five~thousand realizations. In addi- 
tion to these data, we plot the straight lines obtained from 
Equations (20), (23) and (24) using constant i and o& values, ob- 
tained by Ng and Payatakes (5), based on one-step realizations with 
entirely random-shaped ganglia. 


Mere inspection of these results shows that deviation from 
linearity actually occurs, at least in certain cases. As discussed 
earlier, such deviations are due to elongation. They can be 
treated quantitatively as follows. Consider the conceptual slug 
experiment. Simple v-ganglia number balances give 


_6 on(z,T3Vv) 


o = (28) 
ke —due only 
to stranding 
= 62st) (29) 
- due only 
to fission 
Equations (15), (16), (28) and (29) give 
_ 9(z,T3v) 
a oni esw,) (30) 
~ B03) 
p on (2,14) OD 


Recalling that the "experimental" values of (né/y,), O/y, and B/y, 
are x, W/Az and w/Az, we get 


MS = eee (Ge ficxcedez/0) (32) 
o& = Coie. (ae WEnloexel 74/1) (33) 


The last two expressions can be used to determine values of 
AX and >& at various positions z/%, since the quantities appearing 
in the right hand sides are already available in Figures 7 to 14. 
Values of 2 vs. z/& for 5-CEVS and 7-CEVS are plotted in Figure 
15. Values of $£ vs. 2/2 for 5-CEVS, 7-CEVS and 15-CEVS are 
plotted in Figure 16. A number of observations can be made: 
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Fig. 7. Values of y determined from Monte Carlo simulations versus 
normalized length of migration z/% for 5-CEVS ganglia. 
The dotted line is based on A and ¢ values corresponding 
to entirely random ganglia shapes. 
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Values of (W%/Az) determined from Monte Carlo simulations 
versus normalized length of migration z/% for 5-CEVS gan-= 
glia. The dotted line is based on A and ¢ values cor- 
responding to entirely random ganglia shapes. 
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Fig. 9. Values of (w%/Az) determined from Monte Carlo simulations 
versus normalized length of migration z/% for 5-CEVS gan- 
glia. The dotted line is based on i and ¢ values cor- 
responding to entirely random ganglia shapes. 
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Fig. 10. Values of y determined from Monte Carlo simulations 


versus normalized length of migration z/% for 7-CEVS 
ganglia. The dotted line is based on X and ¢ values 
corresponding to entirely random ganglia shapes. 
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Values of (W&/Az) determined from Monte Carlo simulations 
versus normalized length of migration z/% for 7-CEVS gan- 
glia. The dotted line is based on i and values cor- 
responding to entirely random ganglia shapes. 
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Fig. 12. Values of (w/Az) determined from Monte Carlo simula- 


tions versus normalized length of migration z/2 for 
7-CEVS ganglia. The dotted line is based on A and 9 
values corresponding to entirely random ganglia shapes. 
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Values of xy determined from Monte Carlo simulations 
versus normalized length of migration z/% for 15-CEVS 
ganglia. The dotted line is based on X and > values 
corresponding to entirely random ganglia shapes. 
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Fig. 14. Values of (w/Az) determined from Monte Carlo simula- 
tions versus normalized length of migration z/ for 

15-CEVS ganglia. The dotted line is based on \ and ¢ 


values corresponding to entirely random ganglia shapes. 
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Fig. 15. Values of AX for random—but-evolving ganglia shapes 


versus normalized length of migration z/2 in a 100x200 
sandpack. The value at z/% = 0 is the average over the 
ensemble of all shapes. Values of i for 15-CEVS are 
not shown because they are very small for N = 1.5x1073, 
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Fig. 16. Values of 6% for random-but-evolving ganglia shapes 
versus normalized length of migration z/% in a 100X200 
sandpack. The value at z/2% = 0 is the average over the 
ensemble of all shapes. 


* For all ganglia sizes, the values of % and o£ for entirely 
random-shapes and for random-but-evolving shapes are in 
agreement at z = 0 (that is, prior to any shape evolution). 
The observed discrepancies can be easily attributed to random 
error associated with the Monte Carlo simulation. 

* In the case of relatively small ganglia (3 to 10-CEVS), elon- 
gation produces a systematic and marked decrease of iX, 
Figure 15. This deviation is much smaller for larger gan- 
glia. The effect of elongation on ¢, on the other hand, is 
neither marked nor systematic, Figure 16. 

* In the case of relatively large ganglia (say > 15-CEVS), 
effects of elongation on 4 and ¢ are not manifested during 
at least the first thirty, or so, rheons (Figures 13 and 14). 
It should be borne in mind that for ganglia of this size, 
thirty rheons correspond to a migration of only 8% to 102. 


These observations are explained as follows. In the case of 
a randomly shaped small ganglion, a few rheons, say three or more, 
produce significant elongation, Figure 17, resulting in sizeable 
decrease of X. In the case of random-shaped large ganglia, even 
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thirty or more rheons do not result in an amount of elongation, 
which is sufficient to reduce X by much, Figure 18. Of course, 
after sufficiently many rheons even large ganglia can get notice- 
ably elongated. However, for large ganglia and reasonable Noa 
values, the stranding coefficient A is nearly negligible anyway, 
and elongation does not affect things much. Elongation of large 
ganglia should play a role only for relatively small capillary 
number, say No, < 10° +, where A is significant (5). 


The foregoing considerations become somewhat more complicated 
if we leave the case of non-interacting ganglia and we return to 
the actual situation, in which oil ganglia change through collision/ 
coalescence and breakup. These processes generate randomly shaped 
ganglia and tend to dilute the elongation effects. Whether elon- 
gation still plays a significant role or not, depends among other 
things on the frequency with which ganglia collide and coalesce. 

It seems reasonable to assume that small ganglia undergo at least 
a few rheons between collisions, even in relatively dense popula- 
tions. For such ganglia (< 10-CEVS) the elongation effects should 
be taken in account. This can be done by assigning to small gan- 
glia values of M, B and S which correspond to the elongated forms. 
For larger ganglia the situation is not as clearcut, because these 
may repeatedly collide and coalesce with others within, say, thirty 
to forth rheons; furthermore, within this span they certainly un- 
dergo a few fissions, losing in the process small parts of their 
bodies. Side-to-side collision/coalescence tends to slow down or 
reverse the process of elongation. On the other hand, front-to- 
back collision/coalescence is more frequent and vigorously assists 
the formation of elongated forms. There is little doubt that when 
the oil reconnection process has advanced to the point where huge 
blobs have been formed (composed of, say, hundreds or thousands of 
CEV's), the latter have elongated forms, aligned in the direction 
of the flow. Advancing arrays of such super—blobs constitute an 
"oil bank." It is more realistic, then, to assume that all gan- 
glia, small as well as large, are usually elongated and aligned 
with macroscopic flow. In the case of small ganglia, this means 
smaller X values and nearly unchanged ¢ values. For large ganglia, 
X is negligibly small; ¢ values remain virtually the same. 


CONCLUSIONS 


A new ganglia mobilization/breakup criterion is used in a 
series of Monte Carlo simulations to show that ganglia undergoing 
immiscible displacement have a natural tendency to elongate, and 
that elongation substantially decreases the per rheon probability 
of stranding. This effect is manifested much faster for oil gan- 
glia in the range 4-CEVS to 10-CEVS than for ganglia with sizes 
larger than, say, 20-CEVS. Nevertheless, ganglia of all sizes 
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become elongated, eventually. The effect of elongation on the per 
rheon probability of breakup does not seem to be very important. 
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NOTATION 


maximum diameter of the periodically constricted tube 
corresponding to a given unit cell, Figure 2 

maximum diameter of a unit cell, Figure 2 

parameter vectors 

probability of breakup of a v-ganglion per rheon 
minimum diameter of a unit cell, Figure 2 

constriction diameter of the i-th gate unit cell 
critical value of | VP | at which a given ganglion gets 
mobilized 

wavelength of the periodically constricted tube cor- 
responding to a given unit cell, (length of extended 
unit cell), Figure 2 

length of unit cell, Figure 2 

index of the gate unit cell through which the xeron takes 
place 

indices used to identify gate unit cells (or constric- 
tions) 

drainage curvature 

drainage curvature in the i-th gate unit cell 
imbibition curvature 

lower bound of interfacial curvature in the (extended) 
j-th gate unit cell, Equation (17) 

curvature defined by Equation (3) 

index of the gate unit cell through which the hygron 
takes place 

absolute (single phase) permeability 

effective permeability : 
absolute permeabilities to oil and water, respectively 


relative permeability to water 


maximum ganglion length projected on the main flow 
direction ae 

length of periodicity of the porous medium, Figure 1 
probability that a v-ganglion will undergo at least one 
rheon from its present position 

appendix mobilization number, Equation (9) 
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capillary number 


number of gate unit cells of a given ganglion 

number of moving v-ganglia per unit reservoir volume 
pressure 

radial coorditfate in a unit cell, Figure 2 
probability that a v-ganglion introduced randomly in 
the porous medium will find itself stranted before a 
single rheon takes place. Also, probability of 
stranding per rheon 

expected length of travel of the centroid of a 
v-ganglion in the z direction per rheon 

time measured from the initiation of the flood 

mean velocity of the centroids of v-ganglia in the 
axial direction 

superficial velocity of the aqueous phase 

number of, v-ganglia initially in the slug, per unit 
cross-sectional area 


Greek Letters 


B(z,t;v) Av 
By 


A(v3 a9) 


0(z,T3v) Av 
a 

b(v3 a5) 

Xx 


number of fissions of v-ganglia per unit volume 
appendix mobility factor (for a pair of appendices 
denoted by K and i); Equation (5) 

maximum value among Bei for a given ganglion 
interfacial tension at the oil-water interface 
distance between two constrictions, denoted by i and 
j, for a given ganglion 

small increment of z 

thickness of slug of v-ganglia 

apparent contact angle as measured from the wetting 
phase 

angle between the line connecting gate constriction i 
to gate constriction j and the macroscopic flow direc- 
tion 

stranding coefficient 
dynamic viscosity 
number of stranded v-ganglia per unit reservoir volume 
transformed time, Equation (18) 

breakup coefficient 

number of v-ganglia in the slug still moving at z, 
divided by the initial number of v-ganglia in the 


slug es 
number of stranded y-ganglia in the interval (z oe 
Zz 1 ) divided by the initial number of v-ganglia 
in the slug ie 
number of v-ganglia fissions in the interval (z - > 
iz, ee ) divided by the initial number of v-ganglia 
in the slug 
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V: ADSORPTION, CLAYS AND CHEMICAL LOSS MECHANISMS 


PRECIPITATION AND REDISSOLUTION OF SULFONATES 


AND THEIR ROLE IN ADSORPTION ON MINERALS 


P. Somasundaran, M. Celik and A. Goyal 


Henry Krumb School of Mines 
Columbia University 
New York, New York 10027, U.S.A. 


The interaction of inorganic species, such as those of cal- 
cium and aluminum that are normally present in reservoir fluids, 
with surfactants is found to produce precipitation of the surfact- 
ants followed by their redissolution above the critical micelle 
concentration. A maximum is often observed in the adsorption iso- 
therm of surfactants on reservoir rocks. The contribution of the 
surfactant precipitation/dissolution phenomenon to the occurrence 
of adsorption maximum has been investigated in this study using 
the kaolinite/sulfonate system. The magnitude of the adsorption 
maximum is found to be minimized when the precipitation/redissolu- 
tion of the surfactant is taken into account, suggesting the im- 
portant role of the latter phenomenon in determining the apparent 
adsorption. 


INTRODUCTION 


Adsorption isotherms from surfactant solutions have been 
reported to often exhibit maximum and sometimes even minimum in 
the region around critical micelle concentration (1-4). The phe- 
nomenon of maximum and minimum is of such theoretical interest as 
well as practical importance in such areas as enhanced oil recov- 
ery using surfactant flooding. The presence of maximum has been 
attributed in the past to mechanisms involving micellar exclusion 
from interfacial region due to electrostatic repulsion or struc- 
tural incompatibility, presence of impurities, surfactant composi- 
tion, adsorbent morphology, etc. (1,2). None of these mechanisms 
is, however, fully substantiated to be considered as a confirmed 
mechanism for surfactant adsorption from concentrated solutions 
particularly due to serious possibilities for experimental arti- 
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facts arising from such processes as precipitation and entrapment. 


Since precipitation has often been observed during adsorption 
studies when surfactants are contacted with certain mineral sus- 
pensions, the role of it in determining the nature of isotherms 
for the important reservoir system made up of kaolinite and 
dodecylbenzenesulfonate was investigated in this study. Results 
showed a complex and interesting behavior of the system involving 
precipitation followed by redissolution at higher sulfonate con- 
centrations that was markedly dependent upon the salt concentration 
and the type of inorganic ions involved (5). Also, the phenomenon 
of precipitation and redissolution whenever it occurred proved to 
have a definite influence on the shape of the isotherm. 


PRECIPITATION AND REDISSOLUTION 


Results obtained for light transmission of Ca(NO3) 9, NaCl, 
NH,NO3 and A1C1l3 solutions to which different amounts of sodium 
dodecylbenzenesulfonate were added are given in Figures 1 and 2. 
It can be seen that in the salt concentration ranges studied there 
was precipitation occurring as the sulfonate is increased, but 
interestingly, in the cases of calcium and aluminum solutions the 
precipitate was found to redissolve. In the case of NaCl and 
NH,NO3 solutions, the precipitate did not dissolve upon increasing 
the sulfonate concentration. It is however to be noted that in 
the latter cases, unlike for Ca(NO3) 5 solution, the sulfonate 
added did not ever exceed that equivalent to the Nat in solution. 
Also, the precipitate obtained in NaCl and NH,NO3 solutions did 
redissolve when water was added to the solutions. Addition of 
water did not cause immediate redissolution of the calcium salt 
precipitate. The observed increase in turbidity could have 
resulted from either precipitation of calcium sulfonates or co- 
agulation of sulfonate micelles into large aggregates upon charge 
neutralization (6). Redissolution occurs when sulfonate added 
exceeds the value required for complete neutralization of calcium 
ions possibly due to solubilization of the precipitate by micelles 
of the excess sulfonate or due to incorporation of the excess sul- 
fonate in the precipitated micelles. The latter results in the 
recharging of the coagulated micelles and consequent redispersion. 
These mechanisms suggested earlier (6) will be discussed in detail 
elsewhere. 


It is to be noted that precipitation and redissolution of 
the above type can lead to an abstraction (abstraction of surf- 
actant from solution) maximum and, if precipitation is not totally 
isolated from adsorption, it can consequently lead to an apparent 
adsorption maximum. In the case of clays, a number of monovalent 
and multivalent cations such as those of Na, Ca, Al, etc. can be 
expected to be present in a supernatant of it and to produce 
precipitations. 
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PRECIPITATION, ABSTRACTION AND ADSORPTION 


Resuits obtained for abstraction of isomerically pure sodium 
dodecylbenzenesulfonate from a solution upon equilibrating it with 
homoionic Na-kaolinite are given in Figure 3. It can be seen that 
this isotherm is characterized by the presence of a maximum. The 
data for sulfonate abstraction upon contacting it with the super- 
natant from a kaolinite suspension is also given in this figure; 
these results should correspond to the sulfonate that is removed 
by precipitation due to its interaction with the dissolved mineral 
species. The supernatant was under conditions similar to those 
used in adsorption tests by equilibrating the Na-kaolinite in a 
10-1M NaCl solution at a solid to liquid ratio of 0.2 for seventy- 
two hours and then by removing the kaolinite by centrifugation. 
Depletion by precipitation was determined by contacting the surf- 
actant with the supernatant for twelve hours and then by determining 
the residual concentration after centrifugation. The natural pH 
values obtained in this case were slightly higher than those ob- 
tained in the adsorption tests. Data for light transmission of 
the sulfonate-supernatant mixtures before centrifugation, also 
given in Figure 3, correlate with the data for sulfonate precipita- 
tion. Also, both the precipitation and transmission curves exhibit 
maxima in the concentration region of abstraction maximum, 


Results obtained for the abstraction of sulfonate in the pres- 
ence of kaolinite should include. both the amount that is adsorbed 
on the mineral particles and that removed by precipitation. The 
amount of sulfonate that will precipitate due to interaction of it 
with dissolved mineral species in the presence of kaolinite need 
not be equal to that which will precipitate in a supernatant from 
which kaolinite has been removed. Assuming that any such discre- 
pancy is minimal, adsorption isotherm for the present case is cal- 
culated from the difference between the two isotherms and is given 
in Figure 3. It can be seen that the major peak giving rise to 
the maximum is absent in the case of the adsorption isotherm sug- 
gesting that precipitation of sulfonate does indeed contribute 
towards determining the shape of the abstraction isotherm for the 
system considered here. It is to be noted that the resultant ad- 
sorption isotherm does still exhibit a maximum, even though much 
less prominent. The presence of such maximum can be attributed to 
the mechanisms that were mentioned earlier. 


It is clear from these results that surfactants of the sulfo- 
nate type can undergo precipitation and redissolution upon inter- 
acting with solutions containing dissolved inorganic ions and that 
such phenomenon can play a major role in producing a maximum in 
abstraction isotherms. 
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Fig. 3. Effect of precipitation on the shape of adsorption iso- 
therm of sodium dodecylbenzenesulfonate on Na-kaolinite. 
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THE EFFECT OF MICROEMULSION COMPOSITION ON THE ADSORPTION OF 


PETROLEUM SULFONATES ON BEREA SAND/MONTMORILLONITE CLAY ADSORBENTS 


EK. J. Derderian, J. E. Glass and G. M. Bryant 


Union Carbide Corporation 

Chemicals and Plastics 

Research and Development Department 

South Charleston, West Virginia 25303, U.S.A. 


The adsorption from microemulsion of two petroleum sulfonates, 
PDM-334 and TRS 10-410, on Berea sand/montmorillonite clay adsor- 
bents has been studied to determine: 1) the effect of microemulsion 
composition, specifically its relative oil and brine content, on 
sulfonate adsorption; 2) the effect of adsorption on the microemul- 
sion composition and interfacial tension behavior. Whereas the 
degree of sulfonate adsorption can be determined by conventional 
methods (e.g. UV spectroscopy), one must utilize a microemulsion 
property which is a sensitive function of the relative oil and 
brine content of the microemulsion in order to determine the 
adsorption-induced changes in the microemulsion composition. This 
can be accomplished by the use of the microemulsion specific re- 
EAC tO. 


The complementary use of the microemulsion specific refraction 
and UV spectroscopy leads to the following conclusions: 1) At con- 
stant temperature, pressure, total surface area and other equivalent 
conditions such as salinity, sulfonate adsorption is determined 
primarily by the composition of the microemulsion from which the 
sulfonate is adsorbed. PDM-334 and TRS 10-410, which are prefer- 
entially oil-soluble, tend to be adsorbed to a lesser degree from 
oil-rich than from brine-rich microemulsions. The degree of sul- 
fonate adsorption can be generally correlated with the microemul- 
sion specific refraction. Since the cosurfactant component can be 
used effectively to obtain a desired microemulsion composition, 
sulfonate adsorption is affected significantly by the choice of co- 
surfactant; 2) The microemulsion specific refraction increases as 
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a result of adsorption in all cases which indicates that the oil 
to brine ratio in the microemulsion has increased. The post- 
adsorption microemulsion-oil and microemulsion-brine interfacial 
tensions reflect this change in composition. 


A qualitative model is proposed which accounts for the ob- 
served adsorption behavior in terms of the effect of microemulsion 
composition on the sulfonate-microemulsion, sulfonate-adsorbent and 
microemulsion-adsorbent interactions. 


In a separate set of experiments an array of twenty microemul- 
sions, resulting from five blends of TRS 10-410 and TRS 18 and four 
cosurfactants, is characterized in terms of specific refractions 
and selected interfacial tensions. The locus of the minimum values 
of the controlling interfacial tension Ye is explored as a function 
of sulfonate blend composition and cosurfactant hydrophilicity. 

The lowest minimum value of yY, is observed for the microemulsion 
containing the most hydrophilic cosurfactant and the sulfonate 
blend which has the largest fraction of TRS 18 allowed by the locus 
domain. 


INTRODUCTION 


Low interfacial tensions and minimal surfactant loss due to 
interactions with reservoir solids are two of the most important 
conditions for effective oil recovery by displacement fluids in 
chemical flooding. These two requirements are, of course, related; 
surfactant adsorption from a microemulsion whose properties have 
been carefully designed leads to changes in the composition and 
therefore in the interfacial behavior of the microemulsion. 


The importance of minimizing adsorption has provided the 
impetus for a number of adsorption studies of both anionic and 
nonionic surfactants on representative reservoir solids; most of 
these deal with surfactant adsorption from aqueous solution. In 
general it has been found that the adsorption of petroleum sulfo- 
nates on mineral adsorbents increases with decreasing solubility 
in the solvent. Gale and Sandvik (1) have found that petroleum ~ 
sulfonate adsorption from brine on clay minerals increased with 
molecular weight and therefore decreasing solubility in brine. 
Trogus et al. (2) have also found that the adsorption of alkyl 
aryl sulfonates from brine on Berea and kaolinite increased with 
surfactant molecular weight. Lawson and Dilgren (3) have noted 
that sulfonate adsorption increased with brine salinity and there- 
fore with decreased solubility. These results are in agreement 
with the theory that adsorption from solution depends in part on 
the magnitude of the solute-solvent interactions in the solution 
(4); in general, weak interactions, as manifested by low solubility, 
lead to large solute adsorption. 
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It is also recognized (4) that in the case of ionic adsorbents, 
adsorption is determined in part by the surface charge of the ad- 
sorbent. In general, Ht and OH are potential - determining in 
mineral oxide-water systems; therefore the surface charge, and the 
adsorption of sulfonate anions, would depend on the pH of the 
system (5). Somasundaran and Hanna (5) have found in fact that 
sulfonate adsorption on kaolinite decreases with increasing pH 
since the fraction of positive sites on the surface is expected 
to decrease. 


Adsorption studies of petroleum sulfonates from aqueous solu- 
tion are generally restricted, however, to dilute solutions because 
of the limited solubility of these surfactants in water, partic- 
ularly in the presence of salt. With respect to oil-recovery 
systems, it is of interest to extend the study of petroleum sulfo- 
nate adsorption to microemulsions where the sulfonate concentrations 
are generally much higher. Glover et al. (6) have found that sul- 
fonate adsorption from small—bank laboratory microemulsion dis- 
placement tests increased with salinity at low salt concentrations; 
at higher salt concentrations sulfonate loss was attributed to 
phase trapping as proposed by Trushenski (7). 


The objective of the present work is to determine the static 
adsorption of petroleum sulfonates from microemulsions on repre- 
sentative reservoir solids and to define the effect of microemul- 
sion composition, specifically its relative oil and brine content, 
on sulfonate adsorption. It is also of interest to determine the 
effect of adsorption on the microemulsion oil and brine content 
because of the relationship between microemulsion composition and 
interfacial behavior. Consequently, the adsorption of a given 
petroleum sulfonate was determined from a series of microemulsions 
where each microemulsion contained different volume fractions of 
the same oil and brine. The difference in microemulsion composi- 
tion within such a series was effected either by using a different 
cosurfactant in each microemulsion or by changing the total 
surfactant/cosurfactant concentration. The adsorbent was carefully 
reproduced in each experiment in terms of sand/clay composition 
and total surface area. All experiments within a series were 
therefore carried out at constant temperature, pressure, adsorbent 
composition and total surface area. 


GENERAL CONSIDERATIONS 


In order to accomplish the objectives of determining the 
effect of microemulsion oil and brine content on sulfonate adsorp- 
tion as well as defining the changes in microemulsion composition 
as a result of adsorption, it is necessary to utilize a microemul- 
sion property which is a sensitive function of the relative oil 
and brine content of the microemulsion. The microemulsion specific 
refraction satisfies this requirement. 
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We have shown previously (8) that in an equilibrated multi- 
phase system there exists a correlation between the Lorenz-Lorentz 
specific refraction of the microemulsion and its interfacial ten- 
sions versus the excess oil and brine phases. The Lorenz—Lorentz 
specific refraction r is defined by 


1 n-.- I 
ec 
p ii. Se # 


(1) 


where 0 and Ny are the density and index of refraction of the 
microemulsion at a given temperature. Healy and Reed have shown 
(9) that oil recovery from immiscible microemulsion core floods is 
maximized when the following condition is satisfied: 


= 2 
Yno Yinb (2) 
where Y,,, and Ymb 2re the interfacial tensions of the microemulsion 
versus equilibrated excess oil and brine phases, respectively. 
Furthermore, the controlling interfacial tension Yoo which in 
effect determines the magnitude of the capillary number, is a mini- 


mum when Y,, = Ymp (9): 


We have demonstrated (8) that the condition defined by Equation 
(2) always occurs at a constant value of the microemulsion specific 
refraction r = r* = 0.263 + 0.004 em3/g. The value of r* is in- 
dependent of surfactant composition, cosurfactant composition, 
surfactant/cosurfactant concentration and ratio, salinity of brine, 
temperature, and composition of the simulated crude oil. 


The correlation is based on the fact that the microemulsion 
specific refraction is a sensitive function of the relative oil 
and brine content of the microemulsion. The condition r = r* 
occurs only for microemulsions which contain equal volumes of oil 
and brine. In general, a theoretical value lth for the microemul- 
sion specific refraction can be obtained to a very good approxima- 
tion from 


be -1 
ae we + Vv) OY oie + Verb (3) 
where V, and Vp are the volumes and fo andr, the ‘specific refrac— 
tions of the oil and brine in the microemulsion. At V. = Vp which 
corresponds to Vain a CY Q)aeaets Equation (3) becomes 
is eek 
Up sas 0 as Co + r) aay (4) 


In the adsorption experiments described below, the microemul- 
sion specific refraction was determined before adsorption and cor- 
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related with the initial oil and brine volume fractions in the 
microemulsion. Following adsorption, the microemulsion specific 
refraction was determined again and the qualitative change in the 
microemulsion relative oil and brine content was deduced from the 
change in the specific refraction. 


rid 


EXPERIMENTAL 


(a) Materials and preparation of systems: Systems of two and 


three phases, of which one was always a microemulsion phase, were 
prepared from cosurfactants, primary surfactants, hydrocarbon, and 
brine, 


The cosurfactants used were: n-butanol, Butyl CELLOSOLVE, 
Butyl CARBITOL, and butoxytriglycol; the glycol ethers are, re- 
spectively, one, two and three mole ethoxylates of n-butanol. All 
are products of Union Carbide Corporation. 


The primary surfactants used were: PDM-334, a monoethanolamine 
dodecyl orthoxylene sulfonate (av. MW = 427, 79.7% sulfonate), Exxon 
Chemical; and two petroleum sulfonates, TRS 10-410 (eq. wt. = 422, 
61.6% sulfonate) and TRS 18 (eq. wt. = 510, 61.3% sulfonate) from 
Witco Chemical. All of the sulfonates are considerably more 
soluble in oil than in water. 


The hydrocarbon used was nonane (99 mole % minimum purity, 
Phillips Petroleum). Brine was prepared from triply distilled 
water and NaCl and CaCl, which were analytical reagent grade com- 
pounds. 


The Berea sand was obtained from Cleveland Quarries in 
Amherst, Ohio; the montmorillonite was a clay mineral standard 
from Ward's Natural Science Establishment, Inc. Both solids were 
characterized well in terms of particle size distribution and sur- 
face area. The crushed clay and sand were sieved separately using 
US sieve series; the fractions of sand and clay which passed 
through sieve No. 170 but not No. 200 were retained for use as ad- 
sorbents. The particle size distribution of these fractions is 
fairly narrow with the majority of particles in the 74-88 um range 
(10). The surface areas of these adsorbents as determined by 
nitrogen adsorption were 2.86 m2/g for the sand and 84.7 m*/g for 
the clay. 


Upon preparation, the multicomponent fluid systems were al- 
lowed to stand undisturbed at constant temperature for 3 days or 
until the resulting multiphase systems exhibited clear, transparent 
microemulsions and sharp interfaces. In all of these systems, the 
microemulsion phase contained virtually all of the sulfonate in 
the system. 
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(b) Methods of analysis: The microemulsions used in the ad- 
sorption experiments were characterized prior to adsorption in 
terms of the following: 1) phase behavior; 2) sulfonate concentra- 
tion; 3) volume fractions of oil and brine; 4) specific refraction; 
5) interfacial tensions versus equilibrated excess phases. 


The sulfonate concentration in the microemulsion was deter- 
mined from the equilibrated microemulsion phase volume and the 
known weight of sulfonate in the system; the assumption that the 
microemulsion phase contained all of the sulfonate was justified 
for all microemulsions. The volume fractions of oil and brine in 
the microemulsion were determined from the excess volumes of oil 
and brine, respectively. The microemulsion density and index of 
refraction needed to calculate the specific refraction (Eq. (1)) 
were measured on a Mettler-Paar DMA 40 digital density meter with 
accuracy of + 0.0001 g/cm3 and a Zeiss Abbe refractometer (+0.0001), 
respectively; the temperature was controlled with an Exacal 100 and 
Endocal 150 constant temperature circulator—baths connected in 
series. Interfacial tensions between the microemulsion and equil- 
ibrated excess phases were measured on a University of Texas 
Spinning Drop Tensiometer or a Spinning Drop Tensiometer from S&S 
Instrument Mfg.; measurements were carried out until equilibrium 
values were obtained as indicated by constant readings over a 
period of at least 1 hour. 


In addition, a calibration graph of sulfonate concentration 
versus ultraviolet absorbance was obtained for each microemulsion 
prior to adsorption. A small known volume of microemulsion was 
diluted with methanol ("spectro" grade) to obtain a clear sulfonate 
stock solution which was used to prepare four still more dilute 
methanol solutions of varying sulfonate concentration. The UV ab- 
sorbance spectra of these solutions were measured on a Cary 118 
spectrophotometer; absorbances were determined at 271 nm for PDM-334 
microemulsions and at 259 nm for TRS 10-410 microemulsions. A111 
calibration plots were linear and passed through the origin. 


A known volume of microemulsion was then added to a bottle 
containing weighed amounts of the Berea sand and montmorillonite 
clay; the bottle was sealed, placed on a roller and rotated gently 
at constant temperature for 48 hours. : 


Following the adsorption experiment, the microemulsion was 
separated from the solids by decantation and successive centrifuga- 
tions; after each centrifugation the microemulsion density was 
determined and the procedure was repeated until a constant density 
was obtained. The separated microemulsion was always clear and 
transparent. The index of refraction was then measured and the 
specific refraction of the microemulsion was calculated. The in- 
terfacial tensions of this microemulsion versus the excess phases 
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from the original system were then measured. The pre-adsorption 
dilution procedure was then repeated, the UV absorbances were mea- 
sured and the concentrations of sulfonate in the methanol solutions 
were determined from the appropriate calibration plot. The amount 
of sulfonate in the post-adsorption microemulsion was then calcu- 
lated from the average of the values obtained from each diluted 
methanol solution; the internal agreement between the averaged 
values was always excellent. 


RESULTS 


(a) Adsorption of sulfonate from four TRS 10-410 microemul- 


sions: The adsorption of TRS 10-410 from four microemulsions on 
4.0g Berea sand and 0.2g montmorillonite clay was determined at 
24°C. The four multicomponent systems which provided the micro- 
emulsions were prepared from: 5.0 wt % TRS 10-410, 3.0 wt % co- 
surfactant, 46.0 wt % nonane, and 46.0 wt %( 2.0 wt % NaCl, 0.2 wt 
is CaCl) brine. The-four systems were therefore identical in the 
sulfonate, oil and brine components but each contained a different 
cosurfactant. The four cosurfactants were: n-butanol (microemul- 
sion A), butoxymonoglycol (microemulsion B), butoxydiglycol (micro- 
emulsion C), and butoxytriglycol (microemulsion D). Consequently, 
the resulting differences in the equilibrium phase behavior of 
these systems and the compositions of the four microemulsions could 
be attributed directly to the cosurfactant component. Table 1 
shows the effect of the cosurfactant on the phase behavior, com- 
position and specific refraction of the four microemulsions. As 
the ethylene oxide content and therefore the hydrophilicity of the 
cosurfactant increases from n-butanol to butoxytriglycol, the 
microemulsion changes from upper to lower phase; the concentration 
of TRS 10-410 is highest in the middle-phase microemulsion. Cor- 
respondingly, the volume fraction of oil $, in the microemulsion 
decreases and the volume fraction of brine by increases; the micro- 
emulsion specific refraction decreases as the brine to oil ratio 

in the microemulsion increases. Figure 1 clearly shows the cor- 
relation between r and >, and op for microemulsions A, B, C, D and 
a fifth microemulsion (r = 0.288 cm3/g) whose cosurfactant was a 
50:50 blend by weight of butoxymonoglycol and butoxydiglycol. As 
the hydrophilicity of the cosurfactant increases from microemulsion 
A to microemulsion D, Os decreases, by increases and the microemul- 
sion specific refraction decreases. We have shown previously (8) 
that the specific refractions of these microemulsions would assume 
only values between r, and rp, the specific refractions of the 
particular bulk oil and brine components of the microemulsions; in 
this. case: r=) 0.342 em?/g and t=O. 204 em3/g. The specific 
refractions of microemulsions A and D begin to approach these 
limiting values (Figure 1); this is reasonable in view of the 
and bo values of these microemulsions. It is important to note 
fhatiat $, = ¢, = 0.39 the value of r is 0.265 em3/g which is in 
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24°C 


© Oor0il volume fraction in microemulsion 
o Op, brine volume fraction in microemulsion 


Mo = Mp7 0.39 at r = 0.265 


0.4 


VOLUME FRACTION IN MICROEMULSION 


0.2 


0.22 0.24 0.26 028 030 032 0.34 
MICROEMULSION SPECIFIC REFRACTION (cm*/g) 


Fig. 1. Dependence of the microemulsion specific refraction on 

the oil and brine volume fractions in the microemulsion. 
excellent agreement with the value of Cs Interestingly, the sum 
5 a6 by exhibits a shallow minimum at about r = 0.265 cm3/g which 
indicates that the microemulsion characterized by $, = op is the 
most concentrated in the sulfonate. 


Table 2 presents the adsorption results for microemulsions A, 
B, C and D as well as their specific refractions before and after 
adsorption. The degree of TRS 10-410 adsorption from the micro- 
emulsions containing glycol ethers as cosurfactants (microemulsions 
B, C and D) clearly increases with decreasing initial r and there- 
fore increasing brine content of the original microemulsion. For 
microemulsions B, C, and D the percent of TRS 10-410 adsorbed de- 
creases linearly with increasing specific refraction of the micro- 
emulsion from which the sulfonate is adsorbed (Figure 2) ee LiNe 
microemulsion with n-butanol as cosurfactant (microemulsion A) does 
not fit this behavior, however, and possible reasons for this de- 
viation will be presented later. 
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100 


TRS 10-410 ADSORBED, PERCENT 


0.22 0.24 026 028 O30 0.32 
MICROEMULSION SPECIFIC REFRACTION (cm?/g) 


Fig. 2. Dependence of the fraction of adsorbed TRS 10-410 on the 
microemulsion specific refraction. 


Table 2 also shows that the specific refraction of each micro- 
emulsion increases as a consequence of adsorption. This result 
indicates that all post-adsorption microemulsions have higher oil 
to brine ratios than the corresponding pre-adsorption microemul- 
sions. The effect of these compositional changes is reflected in 
the interfacial tension behavior of the microemulsions (Figure 3). 
The microemulsion-oil and microemulsion-brine interfacial tensions 
both before and after adsorption exhibit the familiar correlation 
with r (8); however, all Ymo Values are decreased and all y,, 
values are increased as a consequence of adsorption. The minimum 
in the controlling interfacial tension Cy oma has also increased 
from 0.0070 dyne/cm to 0.0077 dyne/cm. It is interesting to note 
that the Yon values for the n-butanol microemulsion both before 
and after adsorption lie considerably above the y,, curves. The 
microemulsion at r = 0.288 cm3/g was not part of the adsorption 
series and therefore only the initial values of tana and Ymb @re 
shown. 


(b) Adsorption of sulfonate from four PDM-334 microemulsions: 
The adsorption of PDM-334 from four microemulsions on 4.0g Berea 
sand and 0.2g montmorillonite clay was determined at 24°C. The 
four multicomponent systems which yielded the microemulsions were 
prepared from: 5.0 wt % PDM-334, 3.0 wt % cosurfactant, 46.0 wt % 
nonane, and 46.0 wt % (2.0 wt % NaCl, 0.2 wt % CaCly) brine. The 
same four cosurfactants were used as in the TRS 10-410 series; the 
microemulsion with n-butanol was designated E, the butoxymonoglycol 
microemulsion F, the butoxydiglycol microemulsion G, and the butoxy- 
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Fig. 3. Effect of sulfonate adsorption on the microemulsion spe- 
cific refraction as well as the microemulsion-excess oil 
and microemulsion-excess brine interfacial tensions. 


triglycol microemulsion H. Again, differences in the equilibrium 
phase behavior of these systems aswell as in composition of the 
four resulting microemulsions could be attributed directly to the 
cosurfactant. Again as the hydrophilicity of the cosurfactant in- 
creases, >, in the microemulsion decreases and by increases (Table 
3); these compositional changes are again accurately reflected by 
the microemulsion specific refraction and a relationship between 
$5» >, and r similar to the one observed with the TRS 10-410 micro- 
emulsions (Figure 1) can be obtained. 


The adsorption results as well as the microemulsion specific 
refractions before and after adsorption are given in Table 4. The 


661 


ADSORPTION OF PETROLEUM SULFONATES 


9c¢ 0 ETE? EON GE) 7°18 
ECC 0 OL 0S. ESO VOLE 
CEE O OT*O (iy aah 0) 0°09 
Sce 0 60730 = “CSto 0°79 


C7) ap HST) 


& 


©9009 TCC -Wdd 


oseyd A9MOT 
aseyd 29MOoT 
eseyud szaddn 


eseud azoddn 


seseud sseoxe 07 
BATIETST uoTITSOg 


TooAkT3T17 AKO ING /Y 
TOoATST pAx0RNg /5 
TOoATSouoWwAXO NG / 7 
Toueynqg-u/¥q 


que JOeFJANSOD [UOT STHWVOLOTW 


‘O.”7 2@ SuOTSTNMSOIOTM HEE-Wdd JO uoT IDeA 
-91 oT}Toeds pue uot Tsodwoo untazqT{Inbe oy uo jusuodmod JuejoesJinsod vy. Jo JDeTTy *E STaqe] 


E. J. DERDERIAN ET AL. 


HCE 40 97Z°0 ED TookT3T 19 k£x0I Ng /H 
9EC 0 tec 0 A TOoAT3T pAxo ng /5 
GeO GeO) 8 TookTZouowmkK0 Ng / FT 
IGE 10) GCE*O 7T Toueqnqg-u/q 


uotTjdiospe itoqye uotjdiospe siojyeq Juedzed “peqiospe FEE-Wdd JueeyInsod/uoTSTNMSsO0IOTH 
ede: Ci) 


*UOTIOPAJOA DTJTOeds uoTsTNws0IINTU 
ur osuUeyo SuTpuodsez10OD pue 9,477 Je SUOTS[NWBeOADTW FEEC-—Wdd WorZ uoTJdAospe sjeUOFTNS “hy 9TqeL 


662 


ADSORPTION OF PETROLEUM SULFONATES 663 


percent of adsorbed PDM-334 from the glycol ether microemulsions 

F, G and H increases with decreasing r and therefore with increas-— 
ing brine content of the initial microemulsion. For these micro- 
emulsions the fraction of PDM-334 adsorbed decreases linearly with 
increasing specific refraction of the microemulsion from which it 
is adsorbed (Figure 4). The n-butanol microemulsion again does not 
fit this behavior. iis 


Table 4 shows that, as in the TRS 10-410 series, the specific 
refraction of each PDM-334 microemulsion increases following ad- 
sorption. All post-adsorption microemulsions therefore again have 
higher oil to brine ratios than the initial microemulsions. The 
interfacial tension behavior is also similar to that observed with 
the TRS 10-410 microemulsions (Figure 3); all Yno Velues_ are: de- 
creased and all Ymb Values are increased as a result of adsorption. 
Again the y values for the n-butanol microemulsion both before 
and after adsorption lie above the Ymb Curves. 


(c) Adsorption of sulfonate from four PDM-334/butoxytriglycol 
microemulsions: In view of the adsorption results obtained with 
the TRS 10-410 and PDM-334 microemulsions, it is of interest to 
determine the adsorption of one of these sulfonates from microemul- 
sions which, while different in composition, have the same cosurf- 
actant component. The adsorption of sulfonate from four PDM-334/ 
butoxytriglycol microemulsions was therefore determined on 8.0g 
Berea sand and 2.0g montmorillonite clay. The multicomponent sys- 
tems which yielded the microemulsions were prepared from: 0.63x 
vol % PDM-334, 0.37x vol % butoxytriglycol, 0.5(100-x) vol % nonane, 
andmOnoMl 00S) mvol Am (GeOlwt A NaGien Onsewte, CaCl,) brine, where 
x, the combined concentration of PDM-—334 and butoxytriglycol, as- 
sumed the values 3.3, 4.4, 6.5 and 8.8. The resulting differences 
in microemulsion phase behavior and composition are therefore due 
to the variations in the total amount of surfactant and cosurfactant 
in the system; increasing the overall PDM-334/butoxytriglycol con- 
centration at constant ratio (63/37) resulted in a gradual decrease 
in microemulsion specific refraction (Table 5). The adsorption 
data are presented in Table 6 along with the microemulsion specific 
refractions before and after adsorption; the fraction of PDM-334 
adsorbed from all microemulsions increased with decreasing specific 
refraction and therefore with increasing brine content of the micro- 
emulsion. In addition, all r values increased on adsorption in- 
dicating again that the post-adsorption microemulsions all had 
higher oil to brine ratios than the corresponding pre-adsorption 
microemulsions. The percent of PDM-334 adsorbed increases fairly 
linearly with decreasing specific refraction of the microemulsion 
from which it was adsorbed (Figure 5). The actual amounts of 
PDM-334 adsorbed per gram of adsorbent are also illustrated in 
Figure 5. The large amount of sulfonate adsorbed from the middle 
phase microemulsions is somewhat disconcerting since it indicates 
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Table 5. Effect of total PDM-334/Butoxytriglycol concentration on 
the microemulsion specific refraction at 24°C. 


Position relative 


Microemulsion to excess phases PDM-334 conc. (g/1) r(cm3/g) 


x= 3.3 upper phase Wale One Zi 
x= 4.4 middle phase 124.6 OL 277 
x = middle phase Als ikas OS257 
x = 8.8 lower phase 107.6 0.241 


that within a series of microemulsions the greatest total sulfonate 
adsorption occurs from microemulsions which exhibit the condition 
> = by and therefore Nests ante This result, however, is not 
surprising; Figure 1 demonstrates that in general within any such 
series the microemulsions with r ~ 0.26 have the highest sulfonate 
concentration. Consequently, even though there is a linear rela- 
tionship between the fraction of sulfonate adsorbed and the micro- 
emulsion composition, there is a maximum in the total amount of 
sulfonate adsorbed at r ~ 0.26. 


(d) Adsorption of PDM-334 from aqueous and nonane solutions: 


In order to determine the effect on adsorption levels of the magni- 
tude of the interactions between: the sulfonate and the environment 
from which it is adsorbed, PDM-334 was adsorbed from aqueous and 
nonane solutions, which also contained n-butanol and butoxytrigly-— 
col; the adsorbent consisted of 8.0g Berea sand and 2.0g montmoril- 
lonite clay. The results in Table 7 show that the fractions of 
PDM-334 adsorbed from both the aqueous and nonane solutions are 
much larger than those adsorbed from any of the PDM-334/butoxytri- 
glycol microemulsions. Furthermore, the fractions of sulfonate 
adsorbed from the aqueous solutions are significantly larger than 
those from the nonane solutions. It is interesting to note that 

in both the aqueous and nonane systems, the identity of the co- 
surfactant has no effect on the adsorption of the sulfonate. 


(e) Effect of surfactant and cosurfactant on the magnitude 
of (Y.)min: The results of the static adsorption experiments de- 
scribed in the previous sections indicate that sulfonate adsorp- 
tion, as expected, affects microemulsion-excess phase interfacial 
tensions significantly even within the controlled framework of 
these laboratory experiments. Nevertheless, it is important to 
identify microemulsion compositions which exhibit the condition 
Seen ee CY Adin (9); in addition, the magnitude of (y 
itself should be minimized. 


ata 


It is of interest therefore to examine systematically the 
effect of the surfactant and cosurfactant components on microemul- 
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Table 7. PDM-334 adsorption from aqueous and nonane solutions at 
24 Ge 


PDM-—334 adsorbed, 
Solution PDM-334 conc. (g/1) Cosurfactant percent 


water 10.0 a; n-butanol 5) 
water HOMO : butoxytriglycol 96 
nonane 10.0 n-butanol 84 
nonane ORO butoxytriglycol 86 


sion composition and therefore on the microemulsion-excess phase 
interfacial tensions. With this goal in mind, an array of twenty 
microemulsions was prepared which also included the TRS 10-410 
microemulsions A, B, C and D. The general design of the array was: 
(5.0-y) wt % TRS 10-410, y wt % TRS 18, 3.0 wt % cosurfactant, 

46.0 wt Z nonane, and 46.0 wt % (2.0 wt % NaCl, 0.2 wt % CaCl4) 
brine, where y assumed the values 0.0, 1.25, 2.50, 3.75, and 5.0 
for each of the four cosurfactants n-butanol, butoxymonoglycol, 
butoxydiglycol, and butoxytriglycol. The microemulsions were 
characterized in terms of their specific refractions and utilizing 
the general property of the correlation between Cede and 1. 
only selected interfacial tensions were measured. Figure 6 shows 
the twenty microemulsions in terms of the surfactant composition, 
cosurfactant component and microemulsion specific refraction; also 
shown are the corresponding interfacial tensions. Microemulsions 
Ape BoC sand) D (filled cirelies) are described in Labile 13 micro— 
emulsion X (3.75 wt % TRS 10-410, 1.25 wt % TRS 18, butoxydiglycol) 
andsmirecroenulsion Y (32/5 wt % TRS 10-410, 1.25 wt 2 TRS 18, butoxy— 
triglycol) are middle phase; Z (2.50 wt 4 TRS 10-410, 2.50 wt % TRS 
18, butoxytriglycol) is upper phase as are the remaining microemul- 
sions in the array. The shape of the surface described by the r 
values of these microemulsions reflects the following compositional 
properties of the microemulsions. For any constant TRS 10-410/TRS 
18 composition, the volume fraction of oil $, increases and the 
volume fraction of brine by decreases as the cosurfactant becomes 
less hydrophilic; in this respect, the behavior of the adsorption 
microemulsions A, B, C and D whose r values form the y=0 edge of 
the surface is typical. Furthermore, for any particular cosurf- 
actant >, increases and $, decreases as y, the fraction of the 
more oil-soluble TRS 18, increases. The rate of change of r, and 
therefore microemulsion composition, is very rapid for y < 2.50 
when the cosurfactant is either butoxytriglycol or butoxydiglycol. 
Similarly, the rate of change of r as a function of the cosurfact- 
ant component from butoxytriglycol to butoxymonoglycol is very 
rapid for sulfonate compositions corresponding to y = 0.0 and 
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Fig. 6. Effect of surfactant composition and cosurfactant compo- 
nent on the microemulsion specific refraction; also shown 
are the interfacial tensions for selected microemulsions 
and the locus of y, minima formed by the intersection of 
the array surface and the r* plane. 


The interfacial tensions along the curve formed by the inter- 
section of the array surface and the plane at r = r* = 0.263 cm3/g 
are of interest because of the correlation between r* and the con- 
GLELON Ys as elie On mine in effect since the intersection curve 
lies in the r* plane, it represents a locus of Y, minima. It is 
important therefore to determine the actual magnitudes of these 
minima along the intersection curve as a function of the cosurfact- 
ant and sulfonate components. 


A composite plot of the measured interfacial tensions and 
specific refractions of microemulsions B, C, D, X, Y and Z is given 
in Figure 7. Interpolated values of four minima of Y, were then 
obtained from: B, C and D (0.0070 dyne/cm); C and X (0.0070 dyne/ 
em); X and Y (0.0045 dyne/cm); and D, Y and Z (0.0039 dyne/cm). 
Figure 8 shows a top view of the r* plane with the values of the 
Y. minima at the corresponding cosurfactant and surfactant com- 
positions. The magnitudes of the minima decrease as the hydro- 
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Fig. 7. Determination of the magnitudes of Ye) atin from the de- 
pendence of the interfacial tensions on the microemulsion 
specific refraction. 


philicity of the cosurfactant and the amount of TRS 18 in the sul- 
fonate blend increase. This result is intuitively appealing since 
the right combination of a hydrophilic cosurfactant and a hydro- 
phobic primary surfactant of a wide molecular weight distribution 
would lead, through enhanced interactions, to maximization of the 
absolute amounts of oil and brine in the microemulsion, a corre- 
sponding minimization of both y,,, and Ypp and therefore a very low 
value for the appropriate minimum in y,. 


DISCUSSION 


It is useful at this point to summarize briefly the results 
presented in the last section. 
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Fig. 8. Effect of surfactant composition and cosurfactant compo- 
sition on the magnitude of (Y.)min- 


* The fraction of sulfonate adsorbed from the TRS 10-410/ 
glycol ether microemulsions on equivalent adsorbents in- 
creases with increasing volume fraction of brine in the 
microemulsion and in fact is linearly dependent on the 
microemulsion specific refraction. The fraction of sul- 
fonate adsorbed from the TRS 10-410/n-butanol microemul- 
sion under the same conditions, however, is significantly 
higher. 


* The PDM-334/glycol ether microemulsions qualitatively 
exhibit the same adsorption behavior as the TRS 10-410/ 
glycol ether microemulsions. The fraction of PDM-334 
adsorbed from the n-butanol microemulsion under the 
same conditions is again, however, significantly higher. 


* The fraction of sulfonate adsorbed from the four PDM-334/ 
butoxytriglycol microemulsions increases with total surf- 
actant/cosurfactant concentration and therefore with in- 
creasing volume fraction of brine in the microemulsion; 
the dependence on the microemulsion specific refraction 
is again linear. The absolute amount of PDM-334 ad- 
sorbed per gram of adsorbent exhibits a maximum for the 
middle phase microemulsions where the surfactant con- 
centrations are largest. 


The microemulsion specific refraction increases as a 
result of adsorption in all cases. This result indicates 
that the oil to brine ratio in the microemulsion has in- 
creased. 


* The fraction of PDM-334 adsorbed from aqueous and nonane 
solutions was much larger than from any of the PDM-334/ 
butoxytriglycol microemulsions. Furthermore, adsorption 
was significantly higher from aqueous than from nonane 
solutions; the identity of the cosurfactant in these 
solutions had no effect on sulfonate adsorption. 
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The lowest value along the locus of (Yo) minima, defined 
by the intersection of the array surface and the r* plane, 
was obtained with butoxytriglycol, the most hydrophilic 
of the four cosurfactants in the array, and the most 
hydrophobic TRS 10-410/TRS 18 blend within the inter- 
section. 
Pid 
In view of these results, a qualitative model is proposed for 
the isothermal, static adsorption of sulfonates on mineral solids 
from microemulsions. We assume that the adsorption behavior is 
primarily determined by the clay fraction of the adsorbent because 
of its high specific area. In general, the adsorption process can 
be regarded as a partitioning of the sulfonate anions between the 
microemulsion phase and the microemulsion-adsorbent interface. At 
equilibrium the amount of adsorbed sulfonate is a measure of the 
relative magnitudes of the sulfonate-microemulsion, sulfonate- 
adsorbent and microemulsion-adsorbent interactions. Since the 
sulfonate is charged, one must in principle consider electrostatic 
as well as chemical forces. 


Let us consider qualitatively the effect of the microemulsion 
composition on the sulfonate-microemulsion, sulfonate-adsorbent and 
microemulsion-adsorbent interactions. We assume that the inter- 
action potential between a single sulfonate anion and its nearest- 
neighbor molecules and ions in the oil-brine interfacial region in 
the microemulsion is nearly constant within the appropriate series 
of microemulsions (e.g. A, B, C and D). As a first approximation 
therefore we consider the sulfonate-microemulsion interactions to 
be unaffected by microemulsion composition within such a series. 


The sulfonate-adsorbent interactions, however, are expected 
to be strongly influenced by the microemulsion-adsorbent inter- 
actions due to the effect of the microemulsion composition on the 
electrical properties of the adsorbent surface. It is well known 
(11) that when montmorillonite is brought into contact with water, 
the latter is adsorbed in the interlayer spacings to a thickness 
of several monolayers. A fully hydroxylated surface would then be 
expected with Ht and OH™ as the potential-determining ions (12); 
the surface charge would then depend on the pH of the system. It 
is possible that when a brine-external (lower phase) microemulsion 
is brought into contact with the adsorbent, brine would be adsorbed 
in an analogous fashion. The adsorption of sulfonate anions from 
such a microemulsion would then depend in part on the number of 
positive sites on the clay particles. When montmorillonite is 
brought into contact with an oil-external (upper phase) microemul- 
sion, the environment at the adsorbent would be predominantly 
oleic, although there may be some limited adsorption of brine from 
the dispersed phase. It is possible that in such a system the 
overall number of positive sites on the adsorbent would be less 
than in the brine-external microemulsion-montmorillonite system. 


672 E. J. DERDERIAN ET AL. 


Such a difference in surface charge would account in part for the 
larger fraction of sulfonate adsorbed from the brine-external 
microemulsions. 


In addition, if the sulfonate is adsorbed from a microemulsion 
where Om >> op, then the adsorbed sulfonate would interact with a 
predominantly oleic environment; conversely, if the sulfonate is 
adsorbed from a microemulsion where $, >> $,, then it would inter- 
act with a predominantly aqueous environment. If the adsorbed 
sulfonate is inherently more soluble in oil than in water, as is 
the case with TRS 10-410 and PDM-334, then its tendency to leave 
the surface and re-solubilize would be much greater if the sur- 
rounding environment consisted mostly of oil. Therefore the 
relative adsorption of an oil-soluble sulfonate would be larger 
from a brine-external microemulsion than from an oil-external one. 


This model accounts for the observation that the fraction of 
adsorbed sulfonate increases with microemulsion brine content 
within each of the TRS 10-410/glycol ether, PDM-334/glycol ether, 
and PDM-334/butoxytriglycol microemulsion series. Sulfonate ad- 
sorption increases with increasing brine content of the microemul- 
sion for two reasons: the sulfonate-adsorbent interactions are 
enhanced due to the greater positive charge on the surface of the 
adsorbent; the adsorbed sulfonate tends not to re-solubilize be- 
cause of its inherently low solubility in brine. 


The large fractions of PDM-—334 adsorbed from the aqueous and 
nonane solutions point out the effect on adsorption of the strength 
of the interaction between the sulfonate and the environment from 
which it is adsorbed. In general, the interactions between a sul- 
fonate anion and its nearest-neighbor molecules and ions in the 
microemulsion are much stronger than the attractive forces respon- 
sible for the solubility of the sulfonate in either nonane or water 
even in the presence of a cosurfactant. Consequently, adsorption 
from both aqueous and nonane solutions is much larger than from 
microemulsions. 


The larger adsorptions from the TRS 10-410/n-butanol and 
PDM-334/n-butanol microemulsions may be due to weaker interactions 
between the respective sulfonate anion and its nearest-neighbor - 
molecules and ions as a result of the very low brine content in 
these microemulsions; these microemulsions exhibit inordinately 
high interfacial tensions versus brine. It appears that adsorption 
from the n-butanol microemulsions may begin to approach the adsorp- 
tion behavior exhibited by the nonane sulfonate solutions. It may 
be that the assumption that sulfonate-microemulsion interactions 
are equivalent within each microemulsion series such as A, B, C and 
D holds adequately only for the glycol ether microemulsions. 
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We consider finally the significance of the experirental ob- 
servation that the microemulsion specific refraction always in- 
creases as a result of adsorption. The direction of change in r 
indicates that the oil to brine ratio has increased. This observa- 
tion is in agreement with the assumption that brine is adsorbed 
from all the microemulsions. There is, however, an additional 
reason for the observed in€rease in the microemulsion specific re- 
fraction. An increase in r can be qualitatively effected for 
example in any one of the PDM-334/butoxytriglycol microemulsion in 
the absence of an adsorbent by any one of the following composi- 
tional changes: a simultaneous decrease in the amount of both 
PDM-334 and butoxytriglycol in the microemulsion; a decrease in 
the amount of butoxytriglycol with no change in the amount of 
PDM-334; an increase in the amount of PDM-334 with no change in 
the amount of butoxytriglycol. The last two violate the experi- 
mentally observed decrease in PDM-334 due to adsorption and are 
therefore unrealistic. Consequently, the increase in microemulsion 
specific refraction as a result of the adsorption experiment ap- 
pears to be due, at least in part, to the loss of both surfactant 
and cosurfactant from the microemulsion phase. 


CONCLUSIONS 


Static petroleum sulfonate adsorption on simulated reservoir 
solids is affected significantly by the composition of the micro- 
emulsion from which the sulfonate is adsorbed. Petroleum sulfonates 
which are preferentially oil-soluble tend to be adsorbed to a 
lesser degree from oil-external than from brine-external microemul- 
sions under equivalent conditions. Since the cosurfactant component 
can be used effectively to obtain a desired microemulsion composi- 
tion, sulfonate adsorption is affected significantly by the choice 
of cosurfactant. If an oil-external microemulsion is to be used 
in a flood, it is preferable to employ a glycol ether cosurfactant, 
rather than a simple alcohol, because of lower surfactant adsorp- 
tion; in addition, the glycol ether microemulsion would exhibit 
enhanced salt tolerance which would affect favorably its inter- 
facial tension properties. 


Finally, the microemulsion specific refraction can be cor- 
related with the fraction of sulfonate adsorbed because it is a 
sensitive function of the relative oil and brine content of the 
microemulsion. Its utility should also extend to dynamic adsorp- 
tion experiments. The specific refraction is therefore an ex- 
tremely useful microemulsion property in adsorption studies as 
well as in terms of its correlation with microemulsion interfacial 
tensions versus equilibrated excess phases. 
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ADSORPTION OF PURE SURFACTANT AND PETROLEUM SULFONATE 


AT THE SOLID-LIQUID INTERFACE 


J. Novosad 


Petroleum Recovery Institute 


Research Division 
Calgary, Alberta, Canada T2L 2A6 


This paper is concerned with the retention of surfactants 
considered for tertiary oil recovery in reservoir rocks. 


The first part includes a fundamental analysis of experimental 
variables which shows that a maximum in the surfactant adsorption 
isotherm should be expected. Advantages and disadvantages of using 
experimental variables such as surface excess, amount adsorbed and 
selectivity are discussed and the relationships among these are 
developed. For example, it is shown that selectivity is the most 
suitable variable for extrapolation of experimental data. 


The second part discusses the adsorption of surfactant mix- 
tures. Difficulties in analyzing experimental data are pointed out 
and a method for determining adsorption of surfactant mixtures from 
the data on adsorption of individual surfactants is suggested. 
Calculations showing that the overall isotherm may be quite dif- 
ferent from the isotherms of individual surfactants are performed. 


The third part is concerned with solubilities of surfactants 
in brines in the presence of alcohol cosurfactants. Experimental 
data presented indicate that quite large amounts of alcohol are 
needed to keep surfactants fully dissolved in brine solutions. 


The fourth part includes experimental results on adsorption 
of pure surfactant and petroleum sulfonates on Berea sandstone. 
Retention of surfactants is related to their solubility limits in 
the brine. 
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INTRODUCTION 


Success or failure of a surfactant flood may depend on the 
degree of retention of surfactants during the course of the flood 
and one of the possible mechanisms of surfactant retention is the 
adsorption at the solid-liquid interface. Several papers dealing 
with the adsorption of commercially available surfactants have 
been published (1,6,13,14) but a meaningful comparison of reported 
data is quite difficult since surfactants of various degrees of 
purity have been used and the concentration ranges, brine salini- 
ties, and temperatures have varied considerably. In addition, 
comparisons of the results are difficult because different experi- 
mental techniques have been employed. 


It is the objective of this paper to discuss fundamental as- 
pects of the thermodynamics of adsorption at the solid-liquid in- 
terface, with emphasis on providing proper definitions of experi- 
mental variables such as the surface excess, selectivity, amount 
adsorbed, and the relationships among them. Types of surfactant 
adsorption isotherms for binary systems are discussed, and it is 
shown that an extreme caution must be taken when interpreting 
isotherms for surfactant mixtures. It is hoped that this discus- 
sion will facilitate a better understanding and interpretation of 
experimental results reported in the literature. 


Experimental results include adsorption data for systems con- 
taining surfactant, cosurfactant, brine, and Berea sandstone. 
Adsorption values of pure surfactant (Texas #1) and commercially 
available petroleum sulfonates (TRS 10-80) are reported and the 
retention of surfactants in the Berea rock is related to a surf- 
actant solubility limit in the brine. 


EXPERIMENTAL VARIABLES 


Adsorption isotherm--binary systems: Surfactant adsorption 


from a liquid onto a solid surface is usually determined from a 
change of surfactant concentration in the bulk liquid phase after 
contact of the liquid with the solid adsorbent: 


n, =n (x) - x,) Ons x <a) (1) 
where mn, = surface excess of component 1 (g) 
n° = mass of the liquid phase (g) 
a= original concentration of the component 1 (fraction) 
Xx, = equilibrium concentration of the component 1 in the 
bulk phase (fraction) 


Equation (1) defines the surface excess as a thermodynamic quantity 
which is determined from the difference in concentrations of the 
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bulk phase before and after adsorption takes place. There is 
neither difficulty nor ambiguity in its experimental determination 
because no measurement is required in the adsorbed phase or in the 
interface region. 


The surface excess should not be equated to the amount of 
surfactant adsorbed which~fs defined as the amount of surfactant 
present in the adsorbed phase (10). The distinction between these 
two variables is shown by noting the following material balances 
for the liquid phase: 


(2) 
=e its ny (3) 


where the (') denotes the adsorbed phase 
n = mass of the bulk phase (g) 


n' = mass of the adsorbed phase (g) 


Combination of Equations (1), (2) and (3) leads to a useful expres- 
Sion for the surface excess: 


ny =n (x) - x1) (4) 


Equation (4) shows that the surface excess is a relative measure 
of adsorption. It is the excess of component 1 in the adsorbed 
phase over the hypothetical amount of the same component which 
would be there if the concentration of the bulk phase was uniform 
all the way to the solid surface (e.g. for the case where there 
is no effect of the solid on the liquid phase). This is shown 
schematically in Figure l. 


Even though the surface excess is the fundamental variable 
describing adsorption, it is the amount adsorbed which is of prac- 
tical interest and the relationship between these quantities is 
expressed in the rearranged equation (4). 


ny = Hy + n'x, (5) 
It is important to note that in order to calculate the amount ad- 
sorbed nj, the amount of liquid in the adsorbed phase, (n'), must 
be known. Since this quantity is not subject to a direct measure- 
ment it should be recognized that the amount adsorbed is not a 
unique variable and that it always should be related to a specific 
definition of the adsorbed phase or to a specific experimental 
technique used for separating the solid and the adsorbed phase 
from the bulk liquid phase. This point is quite obvious from 
Figure 1 as a shift in the dividing line between adsorbed and 
bulk phases would not change the value of the surface excess, but 
the amount adsorbed would be changed. 
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ADSORBED 
PHASE 


fale 


Surface Excess ny ~ Area A 


Amount Adsorbed n, ~ Area (A+B) 


SURFACTANT CONCENTRATION 


[e) 


© DISTANCE FROM SOLID SURFACE 


Fig. 1. Schematic presentation of the surface excess and the 
amount adsorbed. 


The difference between the amount adsorbed, ny> and the sur- 
face excess, n> is important in some cases but may be negligible 
in others. On one hand, for a low concentration of component 1: 


= a because ey 0 (6) 
On the other hand, the difference will be accentuated in cases 
where there is a weak specific uptake of one component into the 
adsorbed phase because the contribution of ny to n+ willbe ‘smal? 
and the second term, on the right-hand side of Equation (5), will 
contribute more to the amount adsorbed. Then approximation (6) 
cannot be used and Equation (5) must be utilized and therefore, a 
definition of the adsorbed phase, (n'), must be specified. This 
is commonly done by the acceptance of the monolayer concept of ad-—- 
sorption from liquid solutions. It is assumed that only one layer 
of molecules covering the solid surface is affected by the solid 
and hence only this monolayer differs from the bulk liquid phase. 
This concept allows the number of molecules present in the adsorbed 
phase to be calculated based on a known specific area of solids 
and known cross-sectional areas of molecules of the adsorbate and 
the solvent: 


x 
aps (7) 
jipmed 


where mj and my are amounts of components 1 and 2 needed for a 
full monolayer coverage of the surface of the adsorbent. 


It should be noted that the differentiation between the sur- 
face excess and the amount adsorbed is a general phenomenon in 
adsorption as it is applicable even to adsorption at the solid~gas 
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interface. However, in this latter case, the difference in density 
of the adsorbed phase and the bulk phase is so large that the 
dividing line between these two phases is always uniquely placed. 
Also, the contribution of the bulk phase to the amount adsorbed 
(n'x,) is negligible due to the much lower density of the bulk 
phase, and thus the surface excess is, for all practical purposes, 
equal to the amount adsorbed. Since unique definition or separa- 
tion of the adsorbed and the bulk phases at the solid-liquid in- 
terface is impossible, the values of the amount adsorbed depend on 
the experimental procedures used to separate the solid from the 
liquid phase. 


A typical adsorption isotherm for two completely miscible 
components in terms of the surface excess and the amount adsorbed 
is shown in Figure 2. It can be seen from Figure 2 that the sur- 
face excess, even though it is a fundamental variable which is 
always measured, may not be the most convenient variable to work 
with. For example, since it is equal to zero at x = 0 and og =), 
the surface excess must go through a maximum, making it a difficult 
variable to extrapolate. 


A more convenient variable to use is the selectivity S12 de- 
fined by (10): 

! ! 

ae 

/x 


(8) 


ug 


For positive adsorption of component 1 (nf Os S79. 73 tor me- 
gative adsorption (nf < Os Sj2 <1; for no adsorption (ny = 0) 
(concentrations in the surface layer are equal to those in the 
bulk phase), S = 1. A relation between the surface excess and the 


selectivity can be obtained by combining Equations (4) and (8): 


opty a Pe, 
Pipes ert oe 
ik 2 
Equations (8) and (9) indicate that the selectivity is related 
to a specific model of adsorption in the same way as the amount 
adsorbed as the adsorbed phase must be defined in order to calcu- 


late concentrations in it. 


The combination of Equations (7) and (9) leads to a relation 
between the surface excess and the selectivity for the monolayer 
model of adsorption: 


Siac 
1 S59%1 + Xo m, /m. 


(10) 
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Surface Excess ny (g) 


— — Amount Adsorbed ny (g) 


eee ee 
es | a 


SURFACTANT CONCENTRATION x, 
ngen’ (x. -x,) X,20; X, 21.0 > nf=0 
Fig. 2. Adsorption isotherm for fully miscible liquids. 


Figure 3 shows three classes of adsorption isotherms and the re- 
lated selectivities calculated from Equation (9). Advantages of 
using the selectivity for extrapolations are obvious. 


A literature survey of surfactant adsorption data indicates 
that the most common isotherms are the ones in which the selectiv-— 
ity is declining with increasing surfactant concentration and that 
adsorption isotherms cover a very limited concentration range be- 
cause the surfactants have low solubility in brines. Some of the 
results indicate the presence of a maximum in the isotherm, while 
some show only a monotonic increase in adsorption with increasing 
concentration. Extensive efforts have been made to explain the 
presence of the maxima in some of the isotherms. 


It was previously shown that the surface excess must go 
through a maximum, so that the emphasis in discussions about the 
presence of maxima in surfactant adsorption isotherms should be 
directed to whether the maximum in the isotherm is present within 
the measured concentration range. 


Adsorption of surfactant mixtures: Several authors indepen- 


dently reached a conclusion that it is necessary to consider com- 
mercially available surfactants as mixtures of surfactants in order 
to explain some of the results of coreflooding experiments. 
Suffridge (12) concluded from studies of elution of adsorbed pe- 
troleum sulfonates that there are substantial differences in ad- 
sorption behavior of monosulfonates and disulfonates. Trogus et al. 
(13) attempted to explain maxima in adsorption isotherms using 
theory based upon the assumption of two surfactants with different 
critical micelle concentrations in the solution. Gale and Sandvik 
(4) showed that higher molecular weight sulfonates were adsorbed 
preferentially on the Berea sandstone, while Somasundaran (11) 
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Fig. 3. Three classes of adsorption isotherms. 


recently proposed that the so-called structure-making counterions 
are responsible for maxima in adsorption isotherms. 


Consideration is now given to the experimental variables re- 
lating to the adsorption of surfactant mixtures. The adsorption 
isotherm of component 1 in a ternary system is again defined by 
Equation (1). However, the isotherm is now three-dimensional and 
for a consistent two-dimensional presentation, a constant ratio of 
X9/*3 seems to be a logical choice (components 1 and 2 are surf- 
actants, component 3 is water or brine). Figure 4 represents a 
ternary adsorption isotherm surface. 


Since concentrations X1» X2, X3 represent equilibrium values 
(i.e. concentrations in the bulk phase after adsorption takes 
place) it is impossible to prepare the original samples of ternary 
solutions in such a way that the X9/X3 ratio stays constant without 
prior knowledge of the adsorption isotherm. This is the reason 
that adsorption isotherms seem to depend on the solid/liquid ratio 
in the system. An increase in the amount of the solid phase in- 
creases the total amount of surfactants adsorbed, which results in 
a change of X9/X3 ratio and a shift of the experimental point on 
the adsorption isotherm surface. Obviously, this effect is more 
pronounced in systems with large differences in individual surfact- 
ant adsorption characteristics. 


Evaluation of flow-type experiments is even more difficult 
because the Xy/X3 ratio changes continuously as the surfactant 


682 J. NOVOSAD 


COMPONENT 1 


COMPONENT 2 COMPONENT 3 


Fig. 4. Adsorption isotherm surface for ternary systems. 


solution flows through the core. It follows that flow experiments 
(especially those where a finite slug of surfactant solution is 
injected) yield some averaged values of adsorption because the 
X/X3 ratio may vary in a complicated way across the surface of 
the isotherm. 


Minka and Myers (8) have extended the concept of surface 
excess and selectivity to multicomponent mixtures. They applied 
a theory of an ideal adsorbed phase to predict the adsorption 
behavior of ternary mixtures from adsorption measurements in 
binary systems. Having binary data in the form of Equation (10) 
a ternary isotherm is calculated as follows: 


*1¥5(S)5 - 18), + x1x3(S)5 - 18), 


e —_ 
(nj), > xy Xo Xo (11) 
S,5S4, — + S8,,—+5,, — 
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Most literature data on adsorption of surfactants which are 
being considered for surfactant flooding report batch experiments 
in which the total surfactant adsorption [op ¢ + (n5) ¢] is mea- 
sured as a function of total surfactant concentration. This is 
in effect measuring the surfactant adsorption isotherm in such a 
way that the ratio of the original surfactant concentrations, 
xT/X5 >» is constant rather than the ratio of the equilibrium con- 
centrations, X9/X3- Therefore, isotherms for different surfactant 
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systems are measured along a different path on the surface of the 
ternary isotherm, making comparisons of adsorption values of various 
surfactants impossible. 


Examples of calculated isotherms which could be obtained from 
such an experimental arrangement are shown next. Calculations in- 
volve a solution to the following six equations: Equations (11), 
(12) and 


ONS 28 
C= x1 /%5 (13) 
eee Mero igae (4) 
al m 
S37 ie mS 

e@  Mp¥o%3(Sy4 - 1) 

pe (15) 
ay 

P5302. > ae 

x + Xo + X= al (16) 


Equations (14) and (15) are employed to calculate selectivities 

843 and S93 from known binary adsorption data (nf n5) and the 
constant C is determined from the original composition of the surf- 
actant mixture. Some examples of the possible shapes of isotherms 
determined by the described procedure are given in Figures 5 and 6, 
and parameters used in the calculations are listed in Table l. 


Table 1. Parameters Used in Determining Isotherms Shown in Figures 


5 and 6 
Parameter (units) Figure 5 Figure 6 
LILO, 0 
C = x1 /X5 1.0 ies) 
n°/m (g/g) 1.0 170 
fe) 
1 10.0 a 10.0 ; 
513 Is AU) Me ll@ 
m, = m, (mg/g) Brel Sel 
m. (mg/g) 0.36 0.36 
A -180.0 -180.0 
-120.0 | — 20.0 
Tas ha Bx se 
nS, = Ax; x 14 


: A 
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TOTAL SURFACE EXCESS [(n})+ (n3)], (mg/g) 


°%0. 05 10 445 20 25 30 35 40 45 5.0 
TOTAL CONCENTRATION x, +x, (Weight Percent) 


Fig. 5. Adsorption isotherm for surfactant mixture (— overall 
isotherm; --- individual surfactants). 


TOTAL SURFACE EXCESS [in$)+(n$)], (mg/g) 


“0.0 05 1.0 45 2.0 25 3.0 3.5 4.0 45 5.0 
TOTAL CONCENTRATION Xq + Xo (Weight Percent) 


Fig. 6. Adsorption isotherm for surfactant mixture (— overall 
isotherm; --- individual surfactants). 


It is interesting to observe that the overall isotherm in 
Figure 5 has a maximum around 0.5% total surfactant concentration 
but that one surfactant shows two maxima and a minimum. Even more 
interesting is the isotherm in Figure 6 which exhibits a rather 
sharp rise at very low concentrations and then levels off, although 
the adsorption isotherms of the individual surfactants do not even 
resemble the overall isotherm. 
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These examples indicate a need for very careful examination 
of surfactant adsorption data in terms of the adsorption of indi- 
vidual components of surfactant mixtures. Also, if only one surf- 
actant in the mixture produces ultralow interfacial tensions, then 
its own isotherm may have a more important effect on the results 
of a surfactant flood than the overall isotherm. 

Pl 

In summary, just the acceptance of the fact that commercially 
available surfactants are mixtures of various molecular weight 
surfactants may explain the unusually shaped adsorption isotherms 
that have been observed. 


EXPERIMENTAL 


Adsorption isotherms have been measured for pure surfactants 
and commercially prepared mixtures of petroleum sulfonates. Batch 
and flow experiments have been performed. 


Chemicals: Sodium 8-phenyl-n-hexadecyl-p-sulfonate (Texas #1) 
was obtained from Professor Wade of the University of Texas and has 
been used as received. According to Frances et al. (2), the purity 
of the sample exceeds 982%. 


Witco's TRS 10-80 was used as an example of a commercially 
available petroleum sulfonate. Samples were desalted and deoiled 
according to the procedures described by Shah et al. (9). 


Determination of adsorption isotherms--batch experiments: 
Berea sandstone was crushed into 2-3 mm pieces and placed in an 
oven at 110°C for more than 12 hours. The cooled rock was immersed 
in surfactant solutions at room temperature. The containers were 
15 ml centrifuge tubes closed by Teflon-lined caps and the ratio 
of liquid to solid, (n°/m), was kept approximately equal to unity 
for all samples. The samples were placed in a thermostatically 
controlled air box and shaken for 24 hours. They were then left 
standing until the liquid phase cleared. Small aliquots of the 
liquid phase were withdrawn with a syringe and diluted with dis- 
tilled water to a concentration level suitable for a UV spectro- 
photometric analysis of the surfactant concentration (about 20 mg 
Of surfactant/1). 


Spectra scans were taken with a Varian Superscan III in the 
range of 380-200 nm and the peak heights at 208 nm and 236 nm were 
measured to determine surfactant concentrations. New calibration 
curves were prepared for each experiment and each analysis was 
repeated three times. It is estimated that the average error in 
the surfactant concentration measurements was between 1-22. 
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The error in the surface excess is, of course, substantially 
larger because adsorption levels are quite low and concentration 
changes due to adsorption are therefore small. An example of un- 
certainties in the measurements of surface excess for surfactant 
systems caused by errors in analytical procedures is shown in 
Figure 7. This error analysis shows clearly that batch methods 
should not be used for measuring surfactant adsorption on Berea 
sandstone for surfactant concentrations above 1% unless extremely 
accurate analytical procedures are developed. 


Flow-type measurement of adsorption isotherms--10, 20, and 30 


cm long pieces of square Berea core (2.5 x 2.5 cm) were cut, dried, 
and cast in epoxy. Several pore volumes of NaCl brine were in- 
jected into the cores and the pore volumes were determined from 
differences in core weights. Surfactant solutions were then in- 
jected into the cores at linear velocities not exceeding 1.25 cm/ 
hour (1 ft/day) and samples were collected in enclosed vials since 
the early experiments showed that a substantial error occurs due 

to the evaporation of the solution if the outlet of the core is 
left open to the air. Volumes of solutions injected into the cores 
were measured and the concentration of surfactant in each sample 
was determined. 


Two types of experiments were performed. In the first, surf- 
actant was injected into the core continuously at a constant con- 
centration and the surface excess was determined from the delayed 
arrival of the surfactant at the core outlet. In the second one, 

a slug of surfactant was injected, followed by the injection of 
the brine and a loss of surfactant was calculated from a surfactant 


CONCENTRATION (Weight Percent) 


Cuan onom 
n, =n (x, x4) 


Fig. 7. Uncertainty in surface excess determination caused by 3% 
error in surfactant concentration measurements. 
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Material balance. As mentioned earlier, the latter experiment 
yields some average value of adsorption because the surfactant con- 
centration in the core is not kept constant. In addition, the co- 
surfactant and the surfactant chromatographically separate and this 
may result in the solubility limits of the surfactant being ex- 
ceeded during the experiment. It will be shown that this affects 
the results of adsorption €xperiments substantially. 


Surfactant solubility determination: Solubility limits of 


surfactants in brine solutions in the presence of alcohol co- 
surfactants were determined from visual observations of the surf- 
actant solutions and by a spectroturbidimetric method similar to 
the one described by Frances et al. (2). The visual observation 
consisted of centrifuging surfactant solutions in a table-top cen- 
trifuge at room temperature and measuring the amount of the surf- 
actant sediment at the bottom of the tube. Surfactant was not 
considered soluble in a given brine if any surfactant sediment was 
observed. 

The spectroturbidimetric method confirmed the results obtained 
from visual observations as the turbidity of solutions measured at 
436 nm disappeared for solutions producing no surfactant sediment 
when centrifuged. 


DISCUSSION 


All experiments have been performed in parallel for pure 
surfactants and the petroleum sulfonate mixture. No substantial 
differences between these two types of surfactants were observed 
in the experiments reported in this paper. 


Adsorption isotherms for TRS 10-80 and Texas #1 surfactant 
are shown in Figures 8 and 9. Experimental points indicated by 
circles were obtained from batch experiments, and triangles indi- 
cate results of flow experiments. There is excellent agreement 
between these two methods of measuring adsorption. 


A most noticeable feature is the maximum in both adsorption 
isotherms. Since the maximum is present even in the isotherm for 
the pure surfactant it can be explained only by accepting the idea 
of declining selectivity with increasing surfactant concentration. 
Selectivity values for TRS 10-80 surfactant, calculated from 
Equation (10) with monolayer values determined from cross-sectional 
areas of surfactant (22A2) and water (8.3A2) molecules, are shown 
in Figure 10. The specific area for Berea sandstone was assumed 
tombe 1. m2/g. 
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Fig. @. Adsorption isotherm for 1/10 TRS 10-80/sec~butylalcohol 
in 1% NaCl brine on Berea sandstone at 22°C. 
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Fig. 9. Adsorption isotherm for 1/10 Texas 1/sec-—butylalcohol in 
1% NaCl brine on Berea sandstone at 22°C. 


It should be noted that the adsorption experiment described 
above involves systems that only contain surfactant, cosurfactant, 
brine and reservoir rock. There is no oil present in the system, 
and this is the reason why the ratio of cosurfactant to surfactant 
is higher than usually reported by other researchers. It was found 
that the higher ratio was necessary for complete dissolution of 
surfactants in the brine since a lower alcohol/surfactant ratio 
caused the solutions to become cloudy. This latter condition 
resulted in substantial increases in surfactant retention in flow 
experiments. The observation of the relationship between the 
solution condition and retention lead to experiments which could 
better define the phenomenon. 
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Fig. 10. Selectivity as a function of surfactant concentration 
for 1/10 TRS 10-80/sec-butylalcohol in 1% NaCl brine on 
Berea sandstone at 22°C. 


The initial experiments involved preparing surfactant solu- 
tions in brine and centrifuging them for about 30 minutes in a 
table-top centrifuge at approximately 3000 rpm. If a surfactant 
sediment was observed at the bottom of the centrifuge tube, a small 
amount of secondary butylalcohol was added to the solution and the 
system was centrifuged again and this was repeated until no surf- 
actant was being centrifuged out. The amount of alcohol in the 
system at this point was considered to be the minimum alcohol 
content needed for a complete surfactant dissolution. It was 
found that this point coincides with the limit of surfactant solu- 
bility as measured by spectroturbidimetry. It is assumed that 
surfactant solutions containing less than the minimum amount of 
alcohol needed for complete surfactant dissolution contain surfact- 
ant in a dispersed state. Figures 11 and 12 shows results of 
solubility measurements for TRS 10-80 and Texas #1 surfactants. 


A comparison of adsorption characteristics of surfactant solu- 
tions above and below their solubility limits was then performed. 
Solutions of the same surfactant concentrations containing differ- 
ent amounts of alcohol were injected into Berea cores and surfactant 
breakthrough curves were determined. The results are shown in 
Figures 13 and 14. 


The difference in surfactant retention is striking. Surfact- 
ant concentration at the core outlet has not reached the injected 
concentration even after 3 pore volumes of a dispersed surfactant 
solution were injected into the core. The retention of surfact- 
ants from the dispersed solution is one order of magnitude higher 
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Fig. 13. Retention of 0.26% Texas 1 solution in 1% NaCl in Berea 
sandstone at 22°C (dissolved solution contains 10% sec- 
butylalcohol, dispersed solution contains 4% sec—-butyl- 
alcohol). 
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Fig. 14. Retention of 0.3% TRS 10-80 solution in 1% NaCl in Berea 
sandstone at 22°C (dissolved solution contains 7% sec- 
butylalcohol, dispersed solution contains 3% sec-butyl- 
alcohol). 


than the retention of surfactant from a solution in which the 
surfactant is completely dissolved. 


It has been shown by Glover et al. (5) that the phase behavior 
of microemulsion systems can affect the retention of surfactants 
in porous media more than their physical adsorption on the solid 
surface. Similarly it is suggested here that a loss of surfactants 
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in porous media may be affected more by the state of surfactant 
molecules in the solution than their adsorption at the solid-liquid 
interface. Data on surfactant solubility show that quite large 
amounts of alcohol are needed to keep surfactants dissolved and 
since alcohols distribute themselves between the brine and the oil 
it could happen that in a surfactant flood the surfactants, which 
were originally dissolved, may become dispersed as the flood pro- 
gresses. This would result in a high degree of surfactant reten- 
Ellon. 


Differences in the behavior of solutions containing dispersed 
surfactants and solutions in which surfactants were dissolved have 
been observed before. Batycky and McCaffery (15) have noted that 
long term interfacial tension aging effects were eliminated upon 
the addition of alcohol to the brines containing a surfactant. In 
the studies of surfactant systems in the absence of cosurfactants, 
Scriven and Davis (3) observed ultralow interfacial tensions only 
for surfactant systems containing a third "surfactant-rich" phase 
at the interface. They suggest that the dispersed and not the 
dissolved surfactant is responsible for the ultralow tensions. 
This would imply that two competing requirements must be satisfied 
for effective surfactant systems. On one hand, surfactant disper- 
sion at the interface is needed for the ultralow interfacial 
tensions but, on the other, a complete solubility of surfactants 
in brine is required in order to keep their retention at low levels. 


The results shown in Figure 15 indicate that relatively smaller 
amounts of alcohol are needed to keep surfactants dissolved in 
higher concentration solutions. This combined with the fact that 
surfactant surface excess is also lower at higher concentration may 
be the reason for a better performance of high surfactant concen- 
tration--low pore volume floods when compared to low surfactant 
concentration—-large pore volume floods. 


In order to confirm the ideas expressed in this paper, it will 
be necessary to perform surfactant retention experiments in cores 
containing residual oil. Such experiments are now in progress. 


CONCLUSIONS 


1. Fundamental analysis of experimental variables for the adsorp- 
tion at the solid-liquid interface shows that the adsorption 
isotherm in terms of the surface excess can have a maximum. 


2. Selectivity is proposed as a useful variable for extrapolation 
of adsorption data. 


3. Examples of calculated adsorption isotherms for surfactant 
mixtures indicate that both maxima and minima in isotherms 
are possible. 
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Dependence of surfactant solubility on concentration. 


4, Adsorption isotherms of individual components of a surfactant 
mixture may have completely different shapes than the overall 
isotherm. 


5. Quite large amounts of alcohol cosurfactant are required to 
keep surfactants completely dissolved in brines, particularly 
for lower concentrations of the primary surfactants. 


6, Losses of surfactants in porous media may be affected more by 
retention of dispersed surfactants than by its adsorption at 
the solid-liquid interface. 


NOMENCLATURE 


ratio of surfactant concentrations in the original 
surfactant mixture 

mass of the solid adsorbent (g) 

mass of component i needed for full monolayer coverage 
of the surface of the adsorbent (g) 

mass of the bulk phase (g) 

mass of the adsorbed phase (g) 

mass of the liquid phase (g) 

surface excess of component i (g) 

surface excess of component i in ternary systems (g) 
selectivity 

equilibrium concentration component i in the bulk phase 
(fraction) 

equilibrium concentration component i in the adsorbed 
phase (fraction) 

original concentration of component i (fraction) 
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ION EXCHANGE ON MIXED IONIC FORMS OF 


MONTMORILLONITE AT HIGH IONIC STRENGTHS" 
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Adsorption equilibria of inorganic ions between water and 
minerals in formations control brine composition and, through 
these, affect many aspects of the chemistry of surfactant solutions. 
For example, alkaline earth ions influence phase and interfacial 
properties of aqueous-hydrocarbon systems containing surfactants. 
Precipitation of surfactants may occur in the presence of alkaline 
earth ions. Thus information concerning the distribution of alka- 
line earth and alkali metals between solutions and minerals is 
basic to the prediction of behavior of surfactant solutions in 
reservoirs. Because many clays have large cation exchange capacity, 
they may dominate adsorption properties of those formations in 
which they are present. Sodium and calcium are very common and 
representative of the ions under consideration. This paper sum- 
marizes studies of the distribution of these ions between a common 
clay, montmorillonite, as well as several other clays, and a series 
of solutions of constant total ionic strength (7) with varying 
ionic strength fraction of sodium. Distribution coefficients D 
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for Na(I) and Ca(II) were determined by batch equilibrations using 
isotope dilutions with radioactive tracers. Equilibrium quotients 
(K/T) for the exchange of sodium and calcium were then calculated 
and the effects of solution composition, of solution phase activity 
coefficients, of ionic strength, of degree of purification, and of 
source of clay were investigated. Equilibrium quotients with ad- 
justment for solution-phase activity coefficients did not vary 
greatly with I, except at low loading of sodium on the calcium form 
of montmorillonite, where Dy, became anomalously high. Values of 
K/T for illite and attapulgite were within an order of magnitude 

of those for montmorillonite. 


INTRODUCTION 


The importance of brine compositions to the performance of 
surfactant formulations in enhanced oil recovery is well known. 
Presence of multivalent ions can shift optimal salinities, change 
interfacial tensions, precipitate surfactants and polymers, and 
change the viscosity of polymer solutions. Divalent ions, partic- 
ularly Ca(II) and Mg(II) are ubiquitous in brines, but in addition, 
the formation minerals normally constitute a reservoir of these 
and other multivalent ions, which may desorb under the influence 
of salinity changes or of the complexing properties of flooding 
chemicals. The ionic composition of solutions and the minerals 
in equilibrium with them can influence the adsorption of substances 
added to tag the flow of aqueous banks through formations and thus 
affect their utility as tracers. In order to anticipate possible 
effects, and to design control measures, preflushes for example, 
information is needed on the equilibria between solutions and 
formation minerals over the range of conditions likely to be en- 
countered. 


The range is indeed wide. Oil field brines vary from dilute 
brackish waters to virtually saturated salt solutions, and many 
different cations can be present. The variety of minerals which 
may be encountered is enormous. Variations of other parameters 
such as temperature and pH may also be important factors. Accumu- 
lation of information sufficient to predict in detail properties 
of any formation which becomes of interest appears to be a formi- 
dable task. 


It may be, however, that by selecting the most important as- 
pects, useful patterns can be delineated. It would appear reason- 
able to start with those substances having the highest ion-exchange 
capacity, to study solution-solid equilibria for the most common 
ions, to carry out measurements over a wide range of compositions, 
and to evaluate the extent to which results can be correlated by 
conventional adsorption equations, for example, those describing 
ion exchange. 
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We have attempted to follow this course. We have selected 
clays, particularly montmorillonite, for initial studies, and have 
concentrated on Na(I)/Ca(II) exchange, although we shall present 
some results for other ions for comparison. Most of the work 
reported here is for ionic strengths of 0.01 to 1 molal, but some 
measurements (1) at higher concentrations and with related pairs 
of ions, such as Na(I)/Sr(]1), indicate that extrapolation to 
higher salinities can be done with reasonable confidence. We have 
in addition investigated the properties of montmorillonites from 
different sources and subjected to different degrees of purifica- 
tion. Along with comparison with literature data (2,3), these 
results allow us to infer indications of how much results may be 
distorted by contamination with other species and how much confi- 
dence one can have in applying results to a formation of interest. 


EXPERIMENTAL 


Materials: Our samples of clay minerals include the follow- 
ing: 


A. Source clays, Department of Geology, University of 
Missouri. 


1. STx-1 Ca-Montmorillonite (white), Gonzales County, 
Texas. 

2. SWy-1 Na-Montmorillonite, Crook County, Wyoming. 

3. CMS-PF1-1 Attapulgite, Florida. 

4. Oklahoma Illite, Beaversbend. 


B. Synthetic Montmorillonite, Industrial Chemicals Division, 
NL Industries, Inc., Houston, Texas. 


The clays were sometimes used without purification. For other 
experiments, the sand fraction of the clay minerals was separated 
by slow-speed centrifugation of a suspension of the clay. The 
clay was then treated to remove insoluble carbonates by using 1 M 
acetate buffer (pH 5). For some samples, the complete Jackson 
procedure (4) was used in which, after the carbonate removal step, 
organic matter is removed by using 30% hydrogen peroxide and iron 
oxides by using sodium citrate and sodium dithionite. Finally the 
clay was converted to the appropriate form (calcium or sodium) by 
contacting the clay not less than three times with concentrated 
solutions of the appropriate chloride sait. The clay was then 
dried either in a vacuum desiccator or by freeze drying. Moisture 
content of the clay was determined from the loss in weight by 
heating a small portion of the clay at 110°C in an oven. 


Solutions: Solutions were made by dilution of stock solutions 
of CaCly, NaCl, NaAc (Ac refers to acetate), and CaAcy. The cal- 
cium solutions were allowed to stand overnight and were then 
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filtered. Stock solutions of Ca(II) were analyzed by EDTA titra- 
tion, the titrant being standardized against CaCO3; sodium was 
analyzed by atomic absorption against standards made up from NaCl. 
Preparation of solutions from stocks was by weight. Adjustment of 
pH was by addition of acetic acid in most cases. 


Most of the Na(1)/Ca(II) results reported here were obtained 
at pH 5, maintained by a 0.01 to 0.1°M acetate buffer. Our results 
indicate, in accord with the literature on complexing, that acetate 
had insignificant effects. An investigation of one composition as 
a function of pH indicated that Ca(I1)/Na(1) equilibria are little 
affected by a change from pH 5 to 9. Consequently, although most 
of our solutions were more acidic than the usual oil-formation- 
brines, ordinarily neutral, the results should be applicable to 
cases of interest. 


Methods: The measurements were carried out by batch equili- 
bration, most by an isotope dilution technique. Samples of clay 
were pre-equilibrated several times with NaCl-CaCly solutions of 
fixed compositions, until successive equilibrations showed no 
change in concentration. To separate samples (separate because of 
ihe difficulty of discriminating between the gamma emission of 

Na and Ca radioisotopes) were added known amounts of Na and Ca 
tracers, and the solutions were allowed to equilibrate for 2-5 
days. The solid was centrifuged down, and aliquots of the super- 
natant solutions were counted. By material balance, the fractions 
of the activity adsorbed were computed, and, from these, the dis-—- 
tribution coefficients, D 

fe ellayans Ce 3 [(a,) 5 = ort V 
1D a reo SS ee) 
Div @,) w 


is the concentration aat in solution.) molles;iaterms 
is the concentration on the solid, in moles/kg 
dry solid, 

and (ny) are the counts of radioactive tracer on 
the solid and in the solution respectively at 
equilibrium (or the amounts of A, if analysis is 
done by other methods). 

is the initial total counts in the aqueous phase. 
is the weight of dry solid in monoionic form in 
kg, 

V is the volume of solution in liters. 


where (A 


Montmorillonite, especially the sodium form in low-ionic 
strength solutions, swells; consequently, centrifugation in moder- 
ately high fields is needed to separate the clay particles and the 
solutions. Clay suspensions were usually centrifuged with a DuPont 
Sorvall RC-5 refrigerated super-speed centrifuge with an angle-head 
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rotor (FM-24) at 15,000 rpm (28,000g) for 15 minutes, and the 
supernatant was then withdrawn for analysis. 


Erratic aspects in results to be reported led us to repeat 
some of the measurements by a slightly modified procedure. The 
isotope dilution sequence was essentially the same, except that no 
acetate was present (pH at’ equilibrium ranged from 5 to 6.5) and 
the supernatant solution after equilibration with the tracers was 
transferred to another tube and centrifuged a second time. Both 
centrifugations were for thirty minutes, and a barely perceptible 
deposit of solids was obtained in the second step. In addition to 
determination of D and capacity by isotope dilution, Na(1), Ca(II), 
and chloride were displaced from the clay packs by successive con- 
acts wathe 2. M NH,NO3 or KNO3 solutions. These solutions were 
analyzed for the displaced ions by EDTA titration, by atomic ab- 
sorption, and by a Buchler-Cotlove chloridometer, to allow computa- 
tion of ion-exchange capacity. The clay (a Wyoming sample) had 
been treated with pH 5 buffer to remove carbonates. Sand had not 
been removed, but its quantity was known and its weight was sub- 
tracted from the weight of clay in computation of results. The 
sand was assumed not to adsorb Na(I) or Ca(II). 


In experiments at trace level or very low loading of one ion, 
the isotope dilution procedure is not required. All that is neces- 
sary is that the exchangeable ions on the solid be those of the 
salt present in macro concentration. The computation of results, 
which followed that conventionally used in the determination of 
distribution coefficients, ignores possible effects of coion ex- 
clusion from water in the clay pack; it is implicitly assumed that 
the water in the pack has the same coion concentration as the 
supernatant solution. It is possible that coion exclusion has an 
effect which may be significant on distribution coefficients (par- 
ticularly when they are low) and on capacities computed from the 
results. We shall discuss this interference later in connection 
with the capacities measured by displacement of both cations and 
anions from the clay pack and associated water. Coion exclusion 
has been further discussed in references 1 and 7 (see also 8, 9, 
avevel 110)’ 


Equations: The distribution of electrolyte components AX, and 
BX, > Xx being a monovalent anion, between solution and a clay or 
other ion exchange phase, are governed by the conditions 
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where a is activity; m is concentration in the aqueous phase in 
terms of moles/kg of water; parentheses, ( ), are concentrations in 
the clay phase which could also be in terms of moles/kg water in 
the exchanger phase, but which in this paper are expressed as 
moles/kg of dry clay; y, is the mean ionic activity coefficient 

of the electrolyte; and kK adjusts for reference states in the two 
phases, if selected to be different. Bron the quotient obtained 
by dividing equation (2) raised to the pt power by equation (3) 
to the at", the expression 


( oa mt nO 
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clay clay 


is obtained, where the activity coefficient quotient is defined by 
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This is equivalent to the equation obtained on the basis of 
the more usual way of expressing the equilibrium 


pAT TPeaaBa Wee ha ee os ee (6) 
clay clay 
We have followed the alternative route through equations (2) and 
(3) to emphasize that at equilibrium, there will also be coions 


(with cation exchangers such as clays, anions) "invading" the solid 
phase. 


For the case of primary interest here, equilibria between 
clays and aqueous NaCl-CaCly solutions, 


D 
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Results in many cases are presented in terms of the ionic 
strength I 


ei - 
Tit? ao (11) 


the summation being over i ions of charge ;, of the solutions in 
equilibrium, or the fraction of the total ionic strength contrib- 
uted by the salt of one ion. For NaCl-CaCly, 

(12) 


df aly 


total ~ *waci * CaCl, © "NaCl fe “cacl, 
In the figures the cation is used in the subscript to designate 

thessa Lesale.. lea denotes I¢,cj5- In evaluating solution-phase 
activity coefficients from equations for NaCl-CaCl 9 aqueous solu- 


tions, acetate concentration is added to chloride. 


Customarily, in the solution phase, the symbol y is used in 
conjunction with concentrations in molality, or moles per kg of 
solvent. We express solution-phase concentration in the equations 
in molality m™; D is the distribution coefficient symbol correspond- 
ing to this convention (moles per kg of (dry) clay/moles per kg of 
water). In most of the results here, which are for 1 m electro-: 
lyte concentration or less, there is little difference between 
molality and molality (or between D and ])). The symbols in some 
cases are used here interchangeably; however, differences in the 
range of 10% are incurred near saturated NaCl. 


The separation of I'yp into ratios for the solution and solid 
phases is useful when solution phase activity coefficients are 
available (5) because it allows evaluation of variations from 
ideality of the clay phase alone over a range of experimental con- 
ditions. When measurements for the aqueous mixed electrolyte sys- 
tems in question are not available, adequate estimates can fre- 
quently be made by Debye-Huckel equations or by various methods 
from measurements on two-component systems (6). 


Certain special cases are of interest here. When one ion (A) 
is present at concentrations low enough for its loading of the 
solid phase to be only a small fraction of ion exchange capacity, 


702 W. J. ROGERS ET AL. 


C, expressed in equivalents/kg of solid, and if exclusion of coion 
Xx is essentially complete, (B “Veley S06 / bs 

A me : Daten ye 
Ne KClDy Gh (Clb 
If Typ is constant over the range of conditions, Equation (13) can 
be differentiated to give 


ke, (13) 


ABGOAB 


d log Dy 


os —a/ Does (14) 


a logi(8,.) 
ivé., a plot of “log Dy vss “log (B>t) will be linear, with slope 


=(a/b), 0, Gala, —2 ff A&+ is ca2t and Bt is Nat. 


RESULTS 


The results presented here are selected from a considerably 
larger body to illustrate certain aspects of behavior, principally 
the effects of ionic strength and of fraction of ion-exchange 
capacity occupied by the two ions, properties of clays from dif- 
ferent sources, and effect of purification procedures. A more 
complete account is available in reference (10). 


Effect of pH: In order to carry out experiments at controlled 
acidity and to avoid possible difficulties from CaC03 precipita- 
tion, the convenient acetic acid-acetate buffer was used to hold 
the pH at 5 in most experiments. No effects of acetate complexing 
of Ca(II) were expected or observed. The pH is somewhat lower 
than in many groundwaters of interest. However, although pH varia-— 
tion from 5 to 7 has been shown to affect values of D of some 
transition-metal ions on montmorillonite substantially (11), it 
does not appear important with the alkaline earth ion, Sr(II) (12). 
It also does not seem of great concern with Ca(II). Figure 1 sum- 
marizes some values of De at about one percent Ca(II) loading 
from about 0.1 m NaCl solutions. Within scatter, values are con- 
stant up to pH 9, and the sharp increase above pH 9 likely indi- 
cates precipitation. Cycling pH up and down with HCl and NaOH did 
not significantly affect distribution coefficients. The clay 
samples in this case had been treated to remove carbonates and to 
convert them to the sodium form. 


Distribution coefficients: Typical values of the distribution 
coefficients on one clay sample are presented in Figures 2 and 3. 
The clay was treated with a pH 5 buffer to remove carbonates and 
was pre-equilibrated with NaC1-CaCly solutions as previously de- 
scribed. As in other results to be presented, acetate concentra- 
tion was 0.1 m at T= 1, 0.01 m at J = 0.1, and was the only anion 


were 
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present at J = 0.01. Figure 2 shows Dea at three ionic strengths 
as a function of the fraction of total solution ionic strength 
contributed by sodium salts. Distribution coefficients decline 
with increasing ionic strength, and increase with increasing sodium 
ionic-strength fraction in the solution phase. The trend is fairly 
regular, except for the points at trace Ca(II). The clay is partic- 
ularly dispersible in the sodium form, especially at low salt con- 
centrations, and these points perhaps indicate the inaccuracy of 
measurements under these conditions. Figure 3 summarizes the cor- 
responding results for Dea: At trace sodium level, the points seem 
incongruent with the others. The reason for the incongruency, as 
we shall discuss later, is that the adsorption isotherm appears to 
be highly non-linear at low fractional sodium loading of the ion- 


exchange capacity. 


With the exception of the trace-level points, the behavior is 
fairly close to what would be expected of an ion exchanger, but 
this is not apparent from these plots of distribution coefficients. 
We shall consequently present the same results later in terms of 
equilibrium quotients. Besides allowing one to see at a glance the 
adherence to and departures from ideal behavior, K/T varies much 
less oyer a range of conditions than distribution coefficients and 
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Fig. 2. Distribution coefficient of calcium on untreated Wyoming 
montmorillonite as a function of solution-phase ionic-— 
strength fraction of sodium (molal basis) at three total 
ionic strengths, pH = 5.0, sodium-calcium exchange. 


is consequently more convenient to use in a simulation, for example, 
of a preflush. 


Efteet of purification and clay source: The effect of various 


purifications of a sample of Wyoming montmorillonite is shown in 
Figure 4. Comparison of KIT olay at ionic strength of one is made 
of a sample untreated except for the equilibration to establish 
the various Na(I)/Ca(II) ratios on the solid; a sample treated 
with pH 5 acetate buffers to remove calcium and other carbonates; 
and a sample subjected to the complete Jackson procedure, which 
involves additional steps of settling to remove sand, peroxide 
treatment to remove organic matter, and dithionite-citrate treat— 
ment to remove non-constituent iron compounds, especially oxides. 
In addition a sample of synthetic montmorillonite from NL Indus- 
tries, Inc., is included. Within scatter, values of KIT e1ay for 
all of these samples are in agreement. The low values for the 
Ca-form correspond to the high DWwa mentioned earlier. 
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montmorillonite as a function of solution-phase ionic- 
strength fraction of sodium (molal basis) sodium-calcium 
exchange, three ionic strengths. 


Another comparison of clays from different sources is given 
in Figure 5, in terms of K/T vs. ionic strength fraction of NaCl 
in the solution phase. Differences between the two materials are 
within scatter over most of the composition range. Insofar as one 
can conclude from the limited number of samples studied, it appears 
that these results should be useful in predicting behavior of 
montmorillonite in natural formations. 


Effect of ionic strength: Figure 6 compares values of Kiva ay 
for one clay sample at three ionic strengths. Values at 0.1 and 
1 molal ionic strength agree fairly well, but those at 0.01 appear 
lower, although their scatter casts some doubt on their reliability. 
Some of the possible difficulties previously mentioned with ex- 
periments at the lowest ionic strength may be causing trouble. 


Comparison with other clays: Similar measurements were 


carried out on illite and attapulgite at 0.01 ionic strength. 
Distribution coefficients on both these clays are lower than on 
montmorillonite under comparable conditions. However, their ion- 
exchange capacities are also lower (up to a factor of ten lower; 
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about 0.1 equiv/kg for illite and 0.14 for attapulgite) and the 
values of K/I (Figure 7) are similar for attapulgite and a little 
higher for illite in comparison with montmorillonite. 


Distribution coefficients at trace loading: For trace load- 


ings of one ion, the concentration of the other ion on the solid 

is essentially the ion-exchange capacity. For constant I and com- 
plete exclusion of coions, a plot of log D of the trace ion vs. log 
concentration of the major ion should be linear with slope predict- 
able from the valencies. This is illustrated with results in 
Figures 8 and 9, some of which were reported previously (1). Plots 
for trace Ca(II), Sr(II), Ba(II), and K(1) on the sodium form and 
for Sr(II) and Ba(II) on the Ca(II) form are shown in Figures 8 and 
9. Linear plots are obtained but the slopes are only approximately 
those expected. The absolute values are appreciably less than 2 
for alkaline earths/Na(I) and less than 1 for the others in Table 
1. Adjustment for the solution phase activity coefficient changes 
would make disagreement slightly worse for Ca(II)/Na(1). 


Equilibrium quotients at low sodium loading of montmorillonite: 


High distribution coefficients of Na, or low values of K/I at low 
fractional loading of ion-exchange capacity by sodium, have been 
pointed out in earlier figures. Figure 10 shows values, also pre- 
viously reported (1), of equilibrium quotients in more detail in 
this region. The adsorption isotherm is seen to be quite non- 
linear, even when only a thousandth of the capacity is occupied by 
sodium. Ideal behavior (K/I independent of loading) was not 
reached, because the sodium impurities in reagent grade CaCl» were 
too high. The results suggest that there is a relatively low frac- 
tion of capacity for which distribution coefficients of sodium are 
very high, but we have not identified the source of the behavior. 
Montmorillonites from all the sources investigated appear to have 
similar trends at low sodium loading, although not necessarily 
quantitatively the same. 


Ion-exchange capacities: Measurements of distribution coef- 
ficients of both cations combined with knowledge of the concentra-— 
tion in the equilibrium aqueous solution should be sufficient in- 
formation for computation of ion-exchange capacities. Values 
obtained in this way are expected to be less precise than those 
obtained by the more conventional method of converting the clay to 
a given ionic form, displacing these ions by ions of another type, 
and analyzing the displaced ions ("displacement"). 


Two measurements of distribution coefficients are required in 
the isotope dilution approach, and the errors in each are exacer- 
bated by the fact that concentration on the solid phase is obtained 
by difference. Any errors from ion exclusion or from incomplete 
solid-liquid separation will therefore be magnified in the estimate 
of capacity. The values have however the advantage of providing 
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Fig. 7. XK/I for Wyoming montmorillonite, illite, and attapulgite 
as a function of solution-phase ionic-strength fraction 
of sodium (molal basis) at a total ionic strength of .Ol1n, 
pH = 5.0, sodium-calcium exchange. 


information on capacity under the conditions of the equilibrations. 


Ranges of capacity values are summarized in Table 2. There 
should be little difference in the samples labelled "untreated" 
and "carbonate removed," because alkaline earth carbonate impuri- 
ties should be dissolved in the pre-equilibration to convert the 
clay to the specified ionic form. The results by isotope dilution 
are given only for those measurements in which the solution in 
equilibrium had a sodium chloride concentration contributing from 
0 to 3/4 of the total ionic strength; values at low Ca(II) were 
erratic, perhaps in correspondence to the difficulties of measuring 
distributions for the sodium form, previously alluded to. There 
was a trend to lower apparent capacities with increasing Na(1) 
concentration. The sample which had been subjected to the complete 
Jackson purification was highly dispersible at IJ = 0.01, and results 
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Fig. 8. Distribution coefficients for adsorption of Catt, Srt, 
Batt, and Kt on the sodium form of Wyoming montmorillon- 
ite, low or trace loading. 


with it were very erratic. Some previously reported (7) values 
obtained by a displacement method are listed in the table. Values 
measured on the sodium form were also low at 0.01 ionic strength. 
At the other end of the range, measurements by isotope dilution 
at J = 1 are inherently less accurate because of low D values. 


Even with all these sources of experimental difficulty, the 
scatter in the results is disquieting. The possibility that ion- 
exchange capacity varied with Na(I)/Ca(II) ratio on the clay seems 
improbable, but the indication of it appeared to be outside scatter 
on several samples, under different conditions. The values of 
cation-exchange capacity obtained by isotope dilution were general- 
ly less than most reported in the literature, about 1 equivalent/kg, 
and also less than the values in Table 2 we had obtained by dis- 
placement. Also, values of K/T, as we shall discuss later, were 
substantially different from values obtained from literature data. 
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Fig. 9. Distribution coefficients for adsorption of Srtt and Batt 
on the calcium form of Wyoming montmorillonite, loading 
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Table 1. Adsorption of Ions on the Na-Form of Wyoming Montmoril- 
lonite.? Log D = s log (Nat) +b. 


Adsorbing Ion s b 
Kt -0.67 +0.822 
Gans -1.667 +0.282 
sr’ eT a3? SORoLT 
ee =1.56 +0.402 


Adsorption on the Ca-Form 


Sis Dot -0.030 


Ba =O 270 +0.734 


#5 and b by least-squares fit. 


In view of these discrepancies, the isotope dilution measure- 
ments at J = 0.1 were repeated, with the procedure modified as 
previously described to attain a cleaner solid-liquid separation 
before analysis, and to obtain capacity values by ion displacement 


on the same samples on which isotope dilution determinations had 
been made. 


The results are compared in Figure 11 (center plot). The 
results by the modified isotope dilution procedure are seen to 
imply a relatively constant capacity over the range of solution 
compositions, between 0.76 and 0.80 equivalents/kg. Those by the 
unmodified procedure are considerably more scattered, and sub- 
stantially lower in the sodium-rich region. Comparison of the 
contributions to total capacity of the two ions are shown in the 
top sector of the figure. Results for Ca(II) seem generally 
higher, and those for Na(1), lower, for the unmodified procedure. 


Values computed by displacement, on the assumption that the 
water in the clay pack had the same composition as the supernatant 
solution, were somewhat higher, by 0.04 to 0.08 equiv/kg, than by 
the modified isotope dilution procedure. As we described earlier, 
the solution displaced from the clay pack and associated water was 
also analyzed for chloride, and it was found the concentration of 
anion in the pack water was significantly less than in the super- 
natant solution, i.e., there appeared to be some salt exclusion. 
Computation of cation-exchange capacity by subtracting from total 
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equivalents of cations displaced the total equivalents of chloride 
displaced gave net cation-exchange capacities somewhat higher, 
0.9-1 equiv/kg, and more scattered, than the displacement values 
without ion-exclusion correction. (The values from Reference Ii 
given in Table 2 were obtained by a similar procedure. ) 


We conclude that there is no reason to assume a variation of 
capacity with Na(I)/Ca(II) ratio. It also appears that there is 
appreciable coion exclusion. However, the present results do not 
allow determination of relative exclusion in water between clay 
particles and intralayer water within particles, if such a distinc- 
tion is justified at all. Any anion-exchange capacity present 
would result in higher cation-exchange capacities. These unre- 
solved questions introduce some uncertainty in the values of K/T 
inferred from our results, and from literature values measured by 
similar procedures. 


DISCUSSION 


Of a considerable number of literature studies known to us 
concerning Na(I)/Ca(II) exchange on montmorillonite, two, one by 
Chang and Custard (2) on a Wyoming bentonite from the American 
Colloid Co., and the other, by Van Bladel et al. (3) on a sample 
from Camp Berteau, Morocco, present results with which we can 
readily compare ours. Those of Chang and Custard were carried out 
at about 0.1 ionic strength, and values of K/I are compared in the 
bottom sector of Figure 11 with ours by the modified and unmodified 
isotope dilution technique. Agreement with the results by the 
modified procedure is good; values by unmodified procedure are 
about twice those of the other two sets. In Figure 12, results by 
the modified procedure, of Chang and Custard, and of Van Bladel et 
al. are compared. Because those of Van Bladel are for a lower 
ionic strength, the presentation in Figure 12 is of K/T lay to 
eliminate the effect of I,, differences between J = 0.01 and 
f = 0.1 on the comparison. As in other cases here, I,, was com- 
puted from the isopiestic results of Robinson and Bower (13). 
Agreement of the three sets is good. Maes and Cremers (14) also 
carried out measurements on Camp Berteau montmorillonite, but we 
could not readily extract values for comparison from the form in 
which their results are presented. However, they compare theirs 
with those of Van Bladel (3), as well as with some of J. Dufey in 
a report unavailable to us. Agreement seems good. 


It appears, therefore, that all of these studies, carried out 
by several different techniques, are in reasonable agreement on the 
equilibrium quotients for Na(I)/Ca(II) exchange on samples of mont- 
morillonite from several different sources. lIon-exchange equations 
give a good correlation of the adsorption behavior on montmoril- 
lonite, in agreement with prior studies (see, e.g., References 
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Fig. 12. Comparison of equilibrium quotients, adjusted for solu- 
tion-phase activity coefficient ratios, for Na(1)-Ca(II) 
exchange on montmorillonite, with literature values. 


15-20). The best present values for EIT ay would appear to be 
those summarized in Figure 12. There appears to be a downward 
trend from values of about 5 for K/T 4 y at 10% of capacity loaded 
with sodium to about 2 for the sodium form. The solution phases 
were 0.1 ionic strength or lower in Figure 12, but our results by 
the unmodified isotope dilution procedures, in spite of scatter, 
as well as for trace Ca(II) distribution coefficients, indicate 
that these quotients are reasonably valid up to J = 1 and higher 
(Figures 8 and 9). 


High values of D at low loading of sodium on the Ca(II1) form 
were observed with all samples we investigated, with all the de- 
grees of clay purification tried. The values are not well estab- 
lished, because of the extreme sensitivity to loading. None of the 
literature studies seems to have reached low enough loading for 
this non-ideality to become apparent. We do not know the explana- 
tion for the behavior. 


From the results in Figure 8, there do not appear to be great 
differences between the equilibria between the alkaline earth ions 
Ca(II), Sr(II), and Ba(II) with sodium on montmorillonite. Mg(II) 
is of obvious practical interest, but is more difficult to study, 
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owing to lack of a convenient, gamma~emitting tracer. We have 
carried out some preliminary measurements by conventional analyti- 
cal techniques. The results of K/I scatter widely, but appear to 
be not greatly different than those of Ca(II)/Na(I): 1 to 3 at 
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PERMEABILITY REDUCTION IN WATER SENSITIVITY OF SANDSTONES 


K. C. Khilar and H. S. Fogler 


Department of Chemical Engineering 
The University of Michigan 
Ann Arbor, Michigan 48109, U.S.A. 


A model was developed to describe the rapid decline of per- 
meability of Berea sandstone resulting from its water sensitivity. 
The model is based on the release and capture of clay particles. 
The release of clay particles from the pore wall is approximated 
as a first order decay process and the rate at which particles 
leave the suspension to plug the pores is assumed to be directly 
proportional to the particle concentration in the suspension. The 
resulting equations are solved in conjunction with a semi-empirical 
relationship relating the local permeability and the amount of clay 
particles captured to determine the overall permeability of the 
sandstone core as a function of time. Model predictions are in 
agreement with experimental observations. 


INTRODUCTION 


The water sensitivity of sandstone is a problem in colloid 
chemistry that has been known to exist for the past thirty years. 
The water sensitivity phenomenon is observed to occur when fresh 
water replaces salt water in sandstones. This phenomenon has been 
well documented by past investigators (1-5) and a consensus exists 
that the phenomenon occurs due to clay swelling or clay particle 
migration, or a combination of these effects. It has also been 
pointed out that clay particle migration may be, in fact, the more 
prevalent damage mechanism (2). This article focuses on some 
theoretical and experimental aspects of the damage due to clay 
particle migration. 


The results of a typical experiment to demonstrate this phe- 
nomenon are shown in Figure 1. In this experiment, a one inch 
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diameter sandstone core two inches in length is vacuum saturated 
with 6 wt % solution of NaCl and then placed in a core holder. 
Next, a 6 wt % NaCl solution is passed through the core in the 
axial direction for a period of time well beyond that after the 
flow is stabilized. Then flow through the core is abruptly 
switched from salt water solution to fresh water and pressure drop 
across the core is monitored as a function of time. One observes 
from Figure 1 that the overall permeability of the core drops 
drastically after only one or two pore volumes of fresh water have 
entered the system. 


While water sensitivity was initially realized during the 
water flooding of petroleum reservoirs, it is now of serious con- 
cern in many other areas. It has been found that attempts to 
acidize wells with aqueous solutions of HCl and HF have resulted 
in failure due to a drastic permeability decrease near the well 
bore. Water sensitivity is also believed to be a cause of long 
term permeability decreases found in gas wells especially in the 
spring, due to the presence and movement of low salinity water. 
Although this phenomenon was discovered as early as the year 1945 
(1), up until now mathematical models describing the water sensi- 
tivity phenomenon have not been put forth. Understandably, such 
a model is required to predict the phenomenon quantitatively and 
can be helpful in the design of preventive measures. 


The overall mechanism of the water sensitivity phenomenon of 
sandstone containing little or no swelling clays involves release 
of clay particles from the pore wall, followed by migration and 
capture at the pore constrictions (2,6). However, the fundamental 
mechanisms of basic processes of release and capture of clay par- 
ticles are not well understood. The lack of knowledge, particu- 
larly relating to the release process, can partly be attributed 


Experimental Run # | 

Berea Sandstone (2" long x 1" Dia) 
Volumetric Flowrate = 224cc/hr 
Initial Permeability (ko) = 166 md 


0.2 Final 
k/kg=0.055 


0 4 8 {2 16 20 24 28 32 34 40 
PORE VOLUME THROUGHPUT 


Fig. 1. Permeability decrease in a typical shock experiment. 
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to the difficulty in carrying out precise experiments to investi- 
gate the mechanisms involved in the processes. In this article, 
results of two new experiments are reported: 1) flow reversal with 
salt water, 2) pressure measurement along the axial distance of the 
sandstone core. The experimental observations are useful in fur- 
ther understanding the mechanisms of release and capture as well 

as developing the model presented in the next section. 


EXPERIMENTAL 


Apparatus: A schematic diagram of the experimental apparatus 
used in this work is shown in Figure 2. 


The fluid is pumped to the sandstone core by a twin cylinder 
Ruska Pump. This is a constant volumetric positive displacement 
pump which will deliver fluid at a constant flow rate (0-240 cc/hr) 
against a pressure of up to 2000 psi. The cylinders are stainless 
steel, to avoid potential corrosion problems. Immediately follow- 
ing the pump are two Millipore filters which will trap any sus- 
pended particles larger than 0.45u that might be in the fluid. 


Two separate sets of pressure transducers were acquired (0-8, 
0-20, 0-100, and 0-500 psi), to allow the accurate measurement of 
a wide range of pressure drops. An electronic interface converts 
the signal from the transducers to a voltage signal which is fed 
to the recorder. A dual channel recorder is used to monitor the 
pressure drop across the core and the electrical resistance of the 
fluid flowing through the core. 


The fluid flows through the switching valve (V) and enters 
the core holder (shown in Figure 2). The core holder is placed 
in a constant temperature bath. The valve (V) is a six port, high 
pressure micro-volume valve which allows the fluid being pumped to 
the core to be switched quickly and sharply. Once the fluid leaves 
the core holder, it is either collected for analysis or discarded. 


A detailed diagram of the core holder is shown in Figure 3. 
The metal parts of the core holder are stainless steel and it is 
designed to withstand 2000 psi. The core sample, 1, is held in 
place by the top, 3, and bottom, 4, core sample end plugs and a 
sleeve of tygon rubber tubing, 2. The tubing is held tightly 
against the core sample by an overburden pressure of 500 psi or 
more, obtained by filling up the core holder with viscous oil and 
then pressurizing with nitrogen gas which enters through a port in 
the vessel, 6. This overburden pressure prevents the fluid from 
flowing along the sides of the core. This type of system allows 
the pressure drop across the core to reach nearly 500 psi. The 
nitrogen is contained by the end plates 4, 5, which are in turn 
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Fig. 2. Schematic diagram of experimental apparatus. 


held in place by the screw-on caps. Rubber O-rings provide the 
actual seals between the metal parts. The fluid flows into the 
holder through the inlet port, 8, and out through the outlet port, 
7. A switching valve is used to reverse the flow, during some 
experiments, in which case the fluid will enter through port 7. 


A plexiglass fluid distributor and collector are located be- 
tween the end plugs, 3, 4, and the core sample, 1. In addition to 
collecting and distributing the fluid at the core faces, they pro- 
vide support for the platinum electrodes. Two pairs of electrodes 
are located both in the distributor and in the collector. These 
electrodes are used to measure the resistivity of the fluid enter- 
ing and leaving the core. The salt concentration can be determined 
from these resistivity measurements. The electrodes have been 
plated with platinum black to minimize the effect of polarization. 
The resistance across the electrodes is measured by a Barnstead 
water purity meter. This meter, like the pressure transducers, 
also requires an electronic interface to convert its output to the 
appropriate range of voltage. The resistivity of the core effluent, 


and thus its concentration, is then recorded by the second channel 
of the recorder. 


In summary, core flood types of experiments can be conveniently 
carried out at constant temperature using the apparatus described 
above. The pressure drop across the core can be measured by 
adaptor-transducer unit for the range of 0-500 psi. The salt con- 
centration can also be measured both in inlet and outlet streams 
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Fig. 3. Sandstone core holder: 1) sandstone core; 2) tygon rubber 
sleeve; 3) top core end plug and electrodes; 4) bottom 
core end plate, end plug, and electrodes; 5) top core 
holder end plate; 6) pressure inlet for Ny overburden 
pressure; 7) outlet stem; 8) water inlet. 


by means of platinum electrodes and a resistivity meter and with a 
sodium specific ion electrode. 


Experimental procedure: Two types of experiments were carried 
out in this work: 1) Shock experiments, 2) shock followed by flow 
reversal with salt water. 


A shock experiment begins with vacuum saturation of a sand- 
stone core for three days. Berea sandstone cores of diameter 1" 
and lengths 1" and 2" were used. The reason for using Berea is 
that it contains no swelling clays and it resembles many formation 
sandstones in its clay mineralogy (2). 


The saturated core is placed in the core holder and its ini- 
tial permeability (Ko) of the sandstone core is then measured by 
pumping a 30,000 ppm of sodium chloride solution at a constant 
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flow rate through the core by means of a Ruska positive displace- 
ment pump. Routinely, around 50 pore volumes of Salt solutionvane 
passed through the core during the initial permeability measure- 
ments. The core is then suddenly contacted with fresh water using 
a six port switching valve (shown in Figure 2). The pressure drop 
across the core and the salt concentration of both the entering 
and exiting stream are respectively measured by means of a Unie 
measure adaptor-transducer unit and platinum electrodes. After 
the shock is completed, around 50 pore volumes of salt solution 
are again passed through the damaged core. The direction of flow 
of salt water is then reversed by means of the six port switching 
valve. The circuit for reverse direction is shown in Figure 2. 
The flow in the reverse direction is continued until flow is 
switched to fresh water to produce the next shock or until the 
termination of the experiment. The permeability (K) is calculated 
using Darcy's law for one dimensional laminar flow of a homogeneous 
fluid which is given as below. 


aA, -7 (> (1) 


Flow reversal with salt water: Experiments were carried out 
where the procedure of having the core shocked, the flow reversed, 
the core shocked again, was repeated three times. Salt water was 
passed through the core before and after each shock as described 
in the procedure above. The results of this flow reversal are 
shown in Figure 4. As one can see in Figure 4, the permeability 
of damaged core consistently increased up to 80 and 90 percent of 
the original permeability (K,) with the reversal with salt water. 
More important, this gain in permeability with salt water reversal 
was found to be permanent, unlike the temporary gain in permeabil- 
ity for reversal with fresh water (2,6). As a matter of fact, 
routinely, the flow direction was reversed with salt water after 
each time the core was damaged in a shock experiment. The results 
obtained are similar to those given in Figure 4. 


The observed permeability restoration of a damaged core with 
salt water reversal can be explained as follows. A reversal in 
flow of fresh water should release the clay particles blocking the 
constrictions in pores and these particles then flow with the 
fluid until they block a constriction in the opposite direction. 
Thus a temporary increase in permeability should be expected. How- 
ever, reversing the flow using salt water, a flocculating type 
solution, allows the particles to coagulate and adhere to the pore 
wall before they can block constrictions in the opposite direction. 
Therefore, one observes a permanent increase in permeability. This 
finding signifies the importance of the phenomena of peptization 
and flocculation in water sensitivity and also indirectly supports 
the accepted overall mechanism of release and capture of clay 
particles. 
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Fig. 4. Permeability restoration in salt water reversal. 


The movement of the permeability front: A shock experiment 
was carried out using a 2" Berea core in which the pressure was 
measured at two points--at the inlet of the core and at the mid- 
point of the core. The pressure drop (AP), across the entry sec- 
tion was calculated from the algebraic difference between the two 
measured pressure drops Ie 5 Ne ne and (AP) 9]. From these mea- 
surements, permeabilities of two sections of the core entry section 
(Kj) and exit section (Ky) were computed. 


The variations in K, and Ky with cumulative pore volume of 
fresh water sent through the core are illustrated in Figure 5. As 
one observes in Figure 5, the permeability of entry section (Kj) 
begins to decrease at around 0.25 pore volume whereas the perme- 
ability of exit section (Ko) remains unaffected until 0.8 cumula- 
tive pore volumes. This shows that the sandstone core is damaged 
successively along its length. In other words, a permeability 
front moves along the core as fresh water replaces salt water in 
the sandstone core. 


DEVELOPMENT OF A MATHEMATICAL MODEL 


In modeling sandstone core, the core is considered to consist 
of a number of unit cells which are connected in series in the 
axial direction. A schematic representation for a core concep- 
tualized to contain 10 unit cells is shown below (Figure 6). Par- 
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ticles are released from the walls of these cells and are captured 
at their constriction (outlet) as schematically shown in Figure 7. 
Fluid contents of each individual cell are considered to be well 
mixed. It is also assumed that there is no transport of particles 
between cells when the core is shocked. 


O(AP),= (AP loverat 7 (AP) 


© (AP)ovERALL 
4 (AP)o 


HAP), ab(AP Io 


1.0 20 
PORE VOLUME 


Fig. 5. Movement of the permeability front. Berea, 1" diameter, 
2" length; flow rate = 16 cc/hr. 


TE 


Fig. 6. Schematic diagram for a core containing 10 unit cells. 


<) Particles attached to pore wall 
&D Particles in suspension 
@® Captured particles 


Fig. 7. Schematic diagram of a unit cell. 
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With these assumptions, a material balance on the suspended 
clay particles contained in a unit cell (as shown in Figure 7) 
yields: 


dC 


fig ras 2 
r,. = rate of release of clay particles from pore wall (gm 
of clay/(cc of suspension) (min) 
ee rate at which particles leave the suspension to be cap- 


tured (gm of clay/(cc of suspension) (min)) 

C = concentration of clay particles in suspension (gm/cc 
of suspension) 

t = time (min) 


Release rate equation: The process of release of clay par- 
ticles is assumed to be a first order decay process and can be 
written mathematically as 


ele} 
1 
(3) 


tr F=--7-—= 00 
r P) 


i 
Here, 0, is the concentration of clay particles on the pore walls, 
which can be released due to ionic shock, expressed in gm/(cc of 
suspension), and a is the release coefficient expressed in min™ 
The intensity of the release process is believed to be dependent 
on many system variables. A long, but by no means complete, list 
of variables includes the concentration of particles and the phys- 
ical and chemical nature of their attachment to the pore wall, the 
chemical nature of permeating fluid, the ionic strength and the 
rate of change of ionic strength of the permeating fluid, and the 
amount of shear force acting on the particles due to flow of fluid. 
Therefore, given a particular sandstone, the release coefficient 
depends on the chemical nature, ionic strength, rate of change in 
ionic strength (effects of all these variables are termed as 
chemical effects) and on the flow rate of the permeating fluid. 
Experimentation to determine the chemical effects on the release 
coefficient (a) is currently underway. 


Capture rate equation: The rate (r,) at which particles 
leave the suspension is assumed to be proportional to the particle 
concentration in the suspension. Therefore, with 8 as the capture 
coefficient and 07 as the concentration (em/cc of suspension) of 
captured particles, one has the equation 

305 
r => = 6C 4 
eet Be B (4) 
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The capture rate equation is similar to the widely accepted rate 
equation which defines the filter coefficient (\) in deep bed fil- 
tration. The rate of removal of particles from a suspension with 
respect to depth is proportional to the concentration of particles 
in the suspension (7) 


-~ = C (5) 


Noting that z = Ut, and the rate of removal of particles is 
equivalent to the rate of capture in the present case, it can be 
readily shown that: 


B = UA (6) 


The filter coefficient (A) is, in general, a function of spe- 
cific deposit (0) and initial porosity (en). In deep bed filtra- 
tion, A varies significantly due to large variation of o during 
the filtration process. However, during the rapid damage in the 
water sensitivity phenomenon, the volume of deposited particles 
per unit volume of core (0) is believed to be small. One experi- 
mental observation supporting the above view is that the difference 
in porosity between damaged and fresh sandstone core is virtually 
immeasurable. Therefore, unlike deep bed filtration, the capture 
coefficient (8), as defined in the model, remains approximately 
constant for a given flow rate. The variation in the filter co- 
efficient (A) is usually given by an empirical relationship (7,8). 
Theoretical work leading to approximate relationships between the 
filter coefficient (A) and other variables has been reported (9, 
10). The filter coefficient (A) is related to the collection ef- 
ficiency (nN) and collection efficiency is computed for a model 
collector using fundamental deposit mechanisms. 


Axially non-uniform release of clay particles: The release 
of clay particles due to ionic shock in various cells will begin 


at different times depending on their relative location from the 
front of the core. This occurrence can be understood when one 
considers the front-like movement of ionic shock along the core 
(dispersion with high Peclet number). Therefore, one should ac- 
count for this axial variation of release of clay particles. In 
fact, accounting for the axial variation of the release process 
becomes necessary in this model. Otherwise, the model predictions 
of the transient permeability (K) of the damaging sandstone core 
will be axially independent. Such a result is in direct contra- 
diction with the experimental observation that the permeability 
(K) varies with axial distance (graphically shown in Figure 5). 


Therefore, the variation in release rate in different cells 
will now be accounted for with the following approximation. 
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Cells are assumed to be equally long and the length is &. The 
average time for the permeating fluid to traverse through a unit 
cell is then, 


ras (7) 
Cc 


where q is the flow rate in cc/min and A.€ is the open cross sec- 
tional area of the cylindrical sandstone core in cm. 


It is furthermore assumed that the release coefficient, (a), 
is a non-zero constant for the cell which has been completely 
traversed by the fluid (fresh water) and is zero for the remaining 
cells. Expressing it mathematically, for 


Oh < Te < alge 


oy 421,232, 221) (8) 


a 
og = 0 {Sto teres oo bia 


where n is the total number of cells, i (i<n) is the number of a 
cell, and t measures the time after the fresh water is sent to the 
core. Note, cells are numbered successively from the entrance to 
the exit of a sandstone core (as shown in Figure 6). 


Calculation of the concentration of captured particles: 
Equation (2) is now combined with Equations (3) and (4) to yield: 


ap 7 091 - BC (9) 


with 0] = 0j9 at t = 0, Equation (3) is readily integrated to 
obtain the concentration of particles on the pore wall (0}). 


Oo exp (-at) (10) 


ipa 
Substituting for a, in Equation (9) and rearranging: 


dc 

ae + -6C = 00 pexp (-at) (11) 
The above differential equation is solved easily with an initial 
condition, C = 0 at t = 0, and the resulting expression for con- 


centration C of particles in the fluid, is given by 


A950 
C = a7, LexpGat) - exp(-Bt)] (12) 
Now, the concentration of captured particles as a function of time 
for a given cell can be calculated from Equation (4) 
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fe 
05 = | BCdt 
(0) 


Integrating after substituting for C from Equation (12) 


_ ae 4 @exp (Bt)? =) Bexp(sat) 
(0,/0,5) =1-[ ae (13) 


Prediction of the overall reduction in permeability: In order 


to compute the permeability of a cell, a relationship between local 
permeability and the local concentration of captured particles is 
needed. A square relationship based on the buildup of particles 
on the wall of a cylindrical pore or on the constricted space was 
developed. However, the authors realize that the buildup or de- 
posit of particles in a real situation would be different from the 
assumed symmetrical buildup. Nevertheless, the square relation- 
ship was found to be satisfactory in the model calculations, as 
will be seen in a later section. The relationship relating local 
permeability to concentration of captured particles in the ith 
cell is given by: 


K/K,= @-as (14) 


K 
where A= 1 - Ai? 
O 
At this stage, the model is sufficiently developed to compute the 
permeability of various cells of the core. Equations (8), (13), 
(14) and the values of parameters are used to calculate the tran- 
sient permeability, K; of each cell. The overall permeability, K, 
of the sandstone core can now be easily calculated using Darcy's 
law for each cell which is placed in series. 


is a constant for a particular sandstone. 


(15) 


where K and L are overall permeability and length of the core 
respectively. K,; and %; are permeabilities and lengths of the ith 
cell. 


For n equally long cells: 


n 
L= ) 2. = ng (16) 
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i=1,...,n (17) 


Equation (17) can further be simplified by the use of Equation (8). 
Noting in Equation (13) that Oy = 0 when a = 0, it follows from 
Equation (14) that Ky = #%, $002 cell having «= 0. Thateis,. cells 
having no release of clay particles do not encounter damage. 


Therefore, for the ith cell, 


Ky = K eGo jel Sale 

Ky = Ke (t ee EOD tpt 
Letting t' = t - iT 

—— 1 oe -1 

K(t) =n e as (aus (18a) 

where 4 5 
ae 

K, = Ky 1-A . (18b) 

and 


1) . 7 . | Gexp(-B(t-it)) - Bexp(-a(t-it)) | 
On, (t ) il am | (18c) 


With the knowledge of A, a, 8 and n, Equations (18a-c) can be used 
to calculate the overall permeability of the core as a function of 
time. 


Comparison of model predictions with experimental observa- 


tions: Eight shock experiments were carried out using the proce- 
dures described earlier for the flow rate range of 2.0 to 224.0 
cc/hr. The predictions of the model described above were compared 
with transient permeability data obtained for various flow rates. 
Information necessary for model calculation includes flow rate, 
length and diameter of the core, porosity, initial and final per- 
meability, parameters © and $8 and the total number of cells. Since 
@ and 6, at this stage, cannot be predicted from first principles, 
the strategy was to choose a and £8 to agree with the experimental 
data. The number of cells (n) were chosen equal to 5 for cores of 
length 1" and 10 for cores of length 2". Predictions with higher 
number of cells were found to be virtually the same as those with 
5 or 10 cells. The constant A in Equation (14) was calculated 
from initial and final permeabilities for each shock experiment. 
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A comparison of model predictions with the experimental data 
for five different flow rates is shown in Figures 8-12. One ob- 
serves the agreement is very good, especially when one considers 
the simplicity of the model as compared to the complexity of the 
phenomenon it describes. The slight disparity between model pre- 
dictions and the data at very low flow rates can partly be attri- 
buted to the inaccuracy in the measurement of very low pressure 
drops (order of 1071 Dsl). 


Recent experiments show a critical salt concentration exists 
below which the clay particles are released from the pore wall. 
While this finding can be incorporated in the present model, pre- 
liminary results show that for most cases, minor corrections occur 
and agreement between model predictions and experimental data is 
quite good. 


The numerical values of the release and capture coefficient 
at eight different flow rates are summarized in Table l. 


Variation of parameters (a and $8) with flow rate: The param- 
eters a and B were found to be a function of the flow rate. The 
chemical effects on the release coefficient (Q) were presumably 
the same since the shock in ionic strength was produced by a sudden 
replacement of 3% (by weight) sodium chloride solution by fresh 
water in all shock experiments. Hence, only flow rate effects are 
considered here. 


Table 1. Values of Capture and Release Coefficient 


Initial Release Capture 
Flow Rate (q) Permeability (K,) Coefficient Coefficient 

(cc/hr) (md) (min71) (min71) 

RY) LOZ O201L1 On OSa. 
6.0 6.8 0.033 0.01 
10.0 Siele 0.030 0.01 
16.0 13220 0.08 0.10 
40.0 6.30 Orne Ono 
48.0 4.10 0.35 0.45 
56.0 144.0 O. 31 0.45 
220 166.0 ie A) 1.40 
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Fig. 8. Comparison of model with data. Berea, 1"' diameter, 2" 


length; flow rate = 48 cc/hr. 
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Fig. 9. Comparison of model with data. Berea, 1" diameter, 2" 


length; flow rate = 224 cc/hr. 
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Fig. 10. Comparison of model with data. Berea, 1" diameter, 


length; flow rate = 16 cc/hr. 
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Fig. 11. Comparison of model with data. Berea, 1" diameter, 1" 
length; flow rate = 6 cc/hr. 
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Fig. 12. Comparison of model with data. Berea, 1'' diameter, 1" 
length; flow rate = 2 cc/hr. 


The release coefficient (a) is shown as a function of flow 
rate (q) as in Figure 13. The release coefficient (a) was found 
to be directly proportional to the flow rate (q). This observed 
proportionality between the release coefficient (a) and the flow 
rate (q) is unexplained at this point in our study. However, on a 
speculative basis, the nature of the above relationship is com- 
prehensible, since at higher flow rates the particles attached to 
the pore wall will be subjected to higher shear force. It should 
be emphasized that the shear force of moderate flow rates acting 
alone cannot release particles attached to the pore wall. However, 
shear force even at slow flow rates can detach particles from the 
pore walls if they have already been loosened by other means; for 
example, electric double‘layer repulsion. 


Capture coefficients (8), shown as the function of flow rate, 
are in Figure 14. Interestingly, excluding the values at very low 
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Fig. 14. Variation of capture coefficient with flow rate. 
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flow rates, the capture coefficient (8) is roughly proportional to 
the flow rate. The dispersed data points at low flow rates can 
partly be attributed to the inaccuracy in experimental determina- 
tion of (K/K.) during the early period of damage. The computation 
of (K/K,) under the above situation involves ratios of very low 
pressure drops, which could not be measured as accurately as high 
pressure drops. 


As the capture coefficient (8) was found to be proportional 
to the flow rate for a given sandstone (Berea sandstone was used 
in this work), one is encouraged to further substantiate the cap- 
ture rate equation using a simple concept of deposit of particles 
on spherical collectors. This approach has been successfully used 
in waste water filtration (9). The efficiency (n) of a single 
collector is defined as the ratio of two rates--the rate at which 
particles strike the collector and the rate at which particles 
flow toward the collector. Rate of flow of particles toward a 
spherical collector is given by (UC) 1d“/4 where U is the undis-— 
turbed flow velocity, C is the concentration of particles and md2/4 
is the projected area of a spherical collector of diameter (d). 
Therefore the rate of capture of particles for a single collector 
is equal to u(en md2/4)C, where e is the retention efficiency. 


Pore constriction is geometrically modeled as the space be- 
tween two spherical collectors of diameter (d), placed in the wall 
of a pore of radius (rl), where rl > d. Based on the above geo- 
metrical model of pore constrictions, it is fairly conceivable to 
define a number (N) as the number of collectors of diameter (d) 
per unit pore volume which is necessary for the total capture of 
particles on each collector to be equal to the actual rate of cap- 
ture at all pore constrictions in a unit pore volume. 


Then, 
do 2 
Rate of capture of par-, _ oi Td 
Retelag per unit volume Ics dt (Nen 4 uje ee) 


Based on this crude analysis, rate of capture is proportional to 
concentration of particles and capture coefficient (8) is given by 
2 

g = 7 ennu (20) 
The single collector efficiency (n) is approximately given by Ny 
where Ny is the efficiency due to direct interception only. Direct 
interception is believed to be the most dominant capture mechanism 
in the water sensitivity phenomenon. A special and extreme case 
of this mechanism is the so-called sieve filtration. Considering 
the particle sizes involved in this phenomenon (few microns in 
size) and the range of flow velocities used in this work 
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(5.4 x 1073 cm/sec to 1.2 x 1072 cm/sec), the contributions of 
other mechanisms like Brownian diffusion and particle inertia to 
total capture can be neglected in comparison to that of the mecha- 
nism of direct interception. 


For a single spherical collector, Nz is given by (9) 


Gey. 
ae 5 (5 (1) 


where d. is the particle diameter. Substituting the expression 
Ons N; in Equation (20), one has 
3 2 

B= 8 Wee (272) 
The values of 8 were plotted against interstitial velocity U ona 
rectangular coordinate for a flow rate range of 16 cc/hr to 224 
ec/hr. The plot was approximated by a straight line with a slope 
equal to 0.37 cm-l. Using this numerical value of slope, the 
order of magnitude estimate of N was found equal to 3 x 10//pore 
volume for an average particle size of 1h. 


CONCLUSIONS 


Experiments using Berea Sandstone were carried out to eluci- 
date the water sensitivity phenomenon. It has been shown that the 
permeability loss of Berea Sandstone can partially be restored by 
reversing the flow with salt water. Flow reversal releases the 
clay particles blocking pore constrictions and unlike in fresh 
water, these clay particles coagulate in the presence of salt 
water and readhere to the pore wall. The mathematical model de- 
veloped to describe the rapid decline of permeability of Berea 
Sandstone due to the phenomenon of water sensitivity gives good 
agreement with experimental observations. 
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POLYMER RHEOLOGY AND SURFACTANT-POLYMER INTERACTIONS 


SYNTHETIC RANDOM AND GRAFT COPOLYMERS FOR UTILIZATION 


IN ENHANCED OIL RECOVERY--SYNTHESIS AND RHEOLOGY 


C. L. McCormick, R. D. Hester, H. H. Neidlinger 
and G. C. Wildman 


Department of Polymer Science 
University of Southern Mississippi 
Hattiesburg, Mississippi 39401, U.S.A. 


Polyelectrolyte and non-polyelectrolyte acrylamide random 
copolymers and graft copolymers of dextran with acrylamide were 
synthesized to evaluate the effects of polymer composition and 
structure on viscosity modification and solution behavior in water 
and brine. Polymer solution rheological behavior and precipitation 
properties were measured. 


The polyelectrolyte acrylamide copolymers poly(acrylamide-—co- 
sodium acrylate), poly(acrylamide-—co-acrylic acid), and hydrolyzed 
polyacrylamide were used to study the effect of charge density and 
charge distribution. The non-polyelectrolyte acrylamide copolymers 
N,N-dimethylacrylamide and N,N-diethylacrylamide, were prepared to 
study the effect of N-substituted monomers. 


Dextran-g-acrylamides were synthesized with two initiation 
systems-—-a highly controllable Ceric ion/HNO3 system and the 
Ferrous ion/H,05 system. Mechanistic and kinetic studies were 
conducted with macromolecular characterization techniques including 
use of a unique gel permeation chromatographic method. Uncharged 
random- and graft-copolymers showed Newtonian behavior at low 
shear rates while the charged polymers showed pseudoplastic behav- 
ior. 


INTRODUCTION 
In recent years an increasingly large number of commercial 


and laboratory water-soluble polymers have been prepared for uti- 
lization as displacement fluids in enhanced oil recovery (EOR). 
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Unfortunately, the potential usefulness of these polymers is not 
easily assessed. Variations in macromolecular structure, molecu- 
lar weight, branching, ionic character, and hydrogen-bonding ca- 
pacity of each polymer type will, of course, cause drastic behav- 
ioral differences under a given set of field conditions. 


In our continuing investigations into water-soluble polymers 
for EOR, we shall in this report describe the synthesis, charac- 
terization, and solution behavior of a series of random- and 
graft-copolymers. In this investigation our efforts have been 
centered on homopolyacrylamides (PAM) and their partially hydrol- 
yzed derivatives (HPAM); random copolymers of acrylamide with 
sodium acrylate (PAMNaA), with acrylic acid (PAMAA), with N,N- 
dimethylacrylamide (PAMDMAM), or with N,N-diethylacrylamide 
(PAMDEAM); and acrylamide-grafted copolymers of dextram (D-g-AM). 
Model polymers of the above types are of great interest since 
they represent a wide range of molecular structure, shape, charge 
density, and hydrogen-bonding capability. 


MACROMOLECULAR SYNTHESES OF MODEL POLYMERS 


Homopolymer synthesis: Homopolymers of acrylamide, acrylic 
acid, and sodium acrylate were prepared in aqueous solution uti- 
lizing ammonium persulfate initiators (reactions 1, 2 and 3) (1). 
After polymerization, the polymers were precipitated into acetone 
and dried under vacuum at 50°C for 48 hours. 


The nitrogen content of the homopolyacrylamide as determined 
by the Kjeldahl method was 19.46% as compared to a predicted value 
of 19.71%. Viscosity average molecular weights were calculated 
for two synthesized PAM samples to be 1.38 x 106 and 2.96 x 10° 
respectively. 


Hydrolysis of acrylamide homopolymer: The synthetic PAM 
samples and a commercial PAM sample from Polysciences, Inc. with 


a reported Ms of 5 to 6 x 10° were hydrolyzed in aqueous solutions 
of 0.250 m sodium hydroxide. Hydrolysis reactions (reaction 4) 
were conducted under conditions shown in Table 1 utilizing 1000 ml, 
3-necked flasks equipped with reflux condensers and overhead stir- 
rers. Nitrogen was bubbled through the solutions during the reac- 
tion. At specified intervals, the reaction solutions were pre- 
cipitated into acetone. The polymers were dissolved and precipi- 
tated three times and were further purified by extraction with a 
20/80 water/methanol solution to remove residual sodium hydroxide. 
Six hydrolyzed polyacrylamide samples (Table 1) were prepared from 


the Polysciences standard having degrees of hydrolysis ranging 
ET One oe COM Ol ae 
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n CH.=CH +m CH.=CH ———> {—£CH, -CH} —{CH, -CH} (7) 
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Random copolymer synthesis: Poly(acrylamide-co-sodium acry- 
lates) (1) were prepared (reaction 5) by ammonium persulfate ini- 
tiation in distilled water at a 10% monomers concentration at 25°C. 
The copolymers were isolated by precipitation into methanol, fol- 
lowed by freeze drying. The reactivity ratios were determined and 
the predicted copolymer composition was in excellent agreement with 
that experimentally determined by the micro Kjeldahl nitrogen 
analysis. Molar feed ratios of acrylamide to sodium acrylate 
varied from 96/4 to 55/45. 
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Poly(acrylamide-co-acrylic acids) (2) were prepared in feed 
ratios of Am/AA varying from 96/4 to 55/45. Potassium persulfate 
initiator was used in water at 30°C. Reactivity ratios were de- 
termined to ber; = 0739 +°:0.05 and ry = 1.40 + 0.11 for acrylamide 
and acrylic acid respectively. Copolymer compositions agreed well 
with those theoretically projected values. 

Random copolymers of acrylamide with N,N-dimethylacrylamide 
and with N,N-diethylacrylamide were prepared as illustrated in 


reactions (7) and (8). The respective copolymers, PAMDMAM and 
PAMDEAM, have been synthesized to elucidate more fully the role 

of hydrogen-bonding and N-substitution on viscosity modification. 
These polymers were synthesized using potassium persulfate ini- 
tiators in water or 30% methanol/water solutions. Reaction con- 
ditions and monomer feed ratios are given in Table 2. The result- 
ing copolymers were purified by precipitation into acetone followed 
by vacuum drying at 50°C for 60 hours. 


GRAFT COPOLYMERIZATION 


Poly (dextran-g-acrylamides) from ceric ion initiation (2): 


Dextran-g-acrylamide copolymers were prepared by ceric ion initia- 
Gion in) water at 25°C using 0.05 M-nitric acid. “The-“reactions 
were conducted for three hours with an initial dextran concentra- 
tion of 0.0617 M (moles of glucose units) and an acrylamide con- 
centration of 1.0M. The molecular weight of the dextran obtained 
from ICN Pharmaceuticals, Inc. was reported to be M, = 200,000 to 
300,000. Ceric ion concentrations were varied from 2.5 x 1052 
moles/liter to 10.0 x 1073 moles/liter. 


The crude reaction products, which contained unreacted dextran, 
homopolyacrylamide, and graft copolymer were weighed and then ana- 
lyzed for nitrogen using the Kjeldahl method. These polymers were 
then extracted using a soxhlet apparatus with a solvent mixture of 
N,N-dimethyl formamide and acetic acid. The intrinsic viscosities 
were determined at 30°C using a Cannon-Fenske viscometer. The 
nitrogen content was again determined. The lack of efficiency of 
the solvents tested for selectively separating homopolymer from 
graft copolymer for our dextran-g-acrylamide system led us to 
extend our efforts in polymer refinement by fractionation tech- 
niques. Thus, after the polymerization reaction, 250 ml of the 
product solution was diluted with distilled water to a total 
yolume of 2500 ml. This solution was equally divided into ten 
parts and fractionally precipitated with increasing amounts of 
acetone. The concentration of dextran which was present in the 
precipitate was determined by the anthrone test. The relatively 
smooth fractional precipitation curves obtained are consistent 
with rather uniform grafting of the polysaccharide substrates with 
the ceric ion. The percentage of acrylamide grafting onto the 
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dextran as determined by nitrogen using the Kjeldahl method and the 
intrinsic viscosity are given in Table 3. Gel permeation chroma- 
tography studies indicated very little homopolyacrylamide or un- 
reacted dextran in the fractionated samples. 


Poly (dextran-g-acrylamides) from ferrous ion--hydrogen perox- 


ide initiation: Graft cofolymerization of acrylamide onto dextran 
with ferrous ion-hydrogen peroxide initiation is being studied in 
detail. The effect of variation of each reaction parameter on 
graft copolymerization behavior may be measured by direct gel per- 
meation chromatographic analysis of the final product polymer solu- 
tion. 


The graft copolymerizations were conducted in a three-neck 
flask fitted with a nitrogen bubbler, stirrer, and dropping funnel. 
In a typical reaction, dextran (M, 100,000-200,000) was dissolved 
in distilled water under a nitrogen atmosphere with stirring for 
10 minutes. The ferrous ion solution was added and 30 minutes 
were allowed for adsorption. Acrylamide monomer was added and 
stirred for 10 minutes and then 50 ml of hydrogen peroxide solution 
were added dropwise for 20 minutes. The variations of reaction 
parameters are shown in Table 4. Reaction series PA, PB, PC, PC, 
and PE correspond to variations of ferrous ion concentration, 
hydrogen peroxide concentration, reaction time, monomer concentra- 
tion, and dextran substrate concentration, respectively. 


After each reaction, the product polymer solution was diluted 
to about 0.5 g/dl., and 50 ml of this solution was precipitated 
into 1000 ml of methanol. The precipitated polymer was filtered 
and dried in a desiccator under reduced pressure overnight and 
weignted to determine conversion. 


The distribution of the polymer product was followed by gel 
permeation chromatography utilizing a Waters Associates Liquid 
Chromatograph. The instrument conditions were: elution solvent, 
distilled and irradiated water; temperature, 37°C; column, stain- 
less steel tubing of inner diameter 0.462 cm, length 60 cm; flow 
rate, 1.042 ml per minute; pressure, 750 psi. The column packing 
material was Electro Nucleonics Inc. glass of nominal size 3000A 
and 1400A. Three of 3000A and one of 14004 pore size columns were 
connected in series and placed in an oven which was maintained at 
37°C. Sample concentration was 0.3 g/dl and 50 ul of each sample 
were injected through the injection loop. Detection was performed 
with a Waters Associates differential refractometer Model R401. A 
Waters Associates UV detector (Model 440) was used at a wavelength 
at 254 nm. 


The results of extensive mechanistic studies (3) indicate 
that optimum grafting conditions (reduced homopolymerization) 
appear to be 0.64 x 10-9 of Fet2 ion per gram of dextran, 30-40 
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Table 4. Reaction Parameters for Synthesis of Dextran-g-acrylamide 
copolymers LP 


Reaction Conditions 


Sample Conv. 
“Dextran Acrylamide Fe? 9) -Rxn Time x. 
PA-1 1% (w/w) 0.5 ™M sch ange Cig Salt 3 hr. Gipay 
PA-2 1% 0.5 M ty EAT 20K 3 hr 71.4 
PA-3 it 0.5 M DEA | 200% 3 hr 81.8 
PA-4 1% 0.5 M 4iBk . 920 X 3 br Cpa 
PB-1 i 0.5 M TREAT a wx 3 hr 63.1 
PB-2 1% 0.5 M ENN 0X 3 hr. 71.6 
PB-3 ha 0.5 M TA eek 3 hr 76.0 
PB-4 17 0.5 ™M IE Aen 250 0% 3 hr. ol 
PB-5 1% 0.5 M IgEAe 600% 3 ht. 70.3 
PCH 1, 0.5 M WEA 20 x hr 34.5 
PC-2 17, 0.5 ™M died ea 0n% 1 hr 41.7 
PC-3 i 0.5 M dp HAD 4820: X 2 hr 58.5 
PC-4 i 0.5 M 1 EA 208X 3 hr ia 
PC-5 17 0.5 M TEE AL Oe 4 hr 86.2 
PD-2 1% Tee a an ONO 3 hr 82.0 
PD-3 1% 1.5 ™M i Aen 3 hr TOS 
PE-2 yh 0.5 M foam Ok 3 hr 68.9 
PE-3 Ay, 0.5 M Leh “20ex 3 hr. 69.2 


“EA refers to equivalent amount of adsorption; 0.64 x 1075 moles 
per 1 g dextran. 


‘3 2 


* A 
X refers to times the amount of Fet concentration. 
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times this concentration of H,0,, a reaction time of 4 hours, 124 
dextran (M, for this experiment 200,000-300,000), and an acryl- 
amide monomer concentration of 1 to 2 moles/liter. 


The dextran-g-acrylamide sample PA-2 (Table 4) exhibited an 
intrinsic viscosity of 3.4 in water as compared to 0.3 for the 
unreacted dextran. Micro Kjeldahl analysis indicated 65% grafting 
(defined as weight of chain/total weight of graft copolymer x 100). 


MACROMOLECULAR CHARACTERIZATION 


Gel Permeation Chromatography: During the initial phases of 
our studies of high molecular weight, water-soluble polymers, a 
number of formidable problems were discovered. Useful, pressure- 
stable packings with pore sizes large enough for efficient separa- 
tion of high molecular weight, highly extended macromolecules in 
water solvent alone are not readily available. Secondly, frac- 
tionated, water-soluble polymeric standards of very high molecular 
weight are not available. Finally, ionic strength (salt and pH) 
are extremely important, especially for charged polymers. 


The limitation of not having large enough pores in the packing 
material (stationary phase) for efficient separation can be over- 
come by changing polymer-solvent interactions to effectively 
"shrink" the macromolecules so that they properly fit into lower 
pore size packings. This "shrinkage" may be accomplished by adding 
specific quantities of salt or nonsolvent to a "good" solvent in 
the mobile phase. If one assumes that the "Universal Calibration" 
technique, widely used in gel permeation chromatography, is valid 
and that a linear relationship exists between shrinkage of stan- 
dards and unknowns under the same conditions, molecular weights 
based on size may be assigned. 


Porous glass packings exhibit the desired long term stationary 
phase stability under high pressures and were chosen for our present 
work. In water solution, the choice of salt concentration and pH 
are critical for efficient separation with the porous glass packing 
The effects of salt’ concentration, pH, and the stationary phase 
have been recently reviewed in an excellent report by Cooper and 
Van Derveer (4). Buytenhuys and Van Der Maeden (5) reported a 
mixed solvent of tetramethylammonium hydroxide in water buffered 
to a pH of 5.0 to be efficient with porous glass column packing in 
separation of water-soluble polymers. We have modified the above 
solvent with methanol in our analysis of a variety of water-soluble 
random copolymers and graft copolymers. 


An experiment was conducted on a Waters Liquid Chromatograph 
to evaluate the potential molecular "shrinking" technique for 


ee sn 
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determining molecular weights for high molecular weight polymers in 
controlled porous glass. Figure 1 illustrates the desired effect 
of adding a nonsolvent (methanol) to the water solutions of a 
selected high molecular weight polymer (*) and standard polymers 
represented by o and x on the ln[n|M vs. V, plot where [n] is in- 
trinsic viscosity, M is molecular weight (based on hydrodynamic 
volume) and V, is the elution volume. In water solutions this high 
molecular weight polymer (*) would elute at the void volume, Vo» of 
the column if the molecules were too large to pass into the avail- 
able pores. On the other hand, very small molecules would pass 
freely through the pores and should theoretically elute at the 
total permeation volume, V.. Obviously, for efficient separation 
of molecular species, pore sizes should be carefully chosen such 
that large changes in elution volume should be obtained for rela- 
tively small changes in hydrodynamic volume. The hydrodynamic 
volume is directly related to molecular weight and intrinsic vis- 
cosity. 


As methanol is added to the aqueous mobile phase for a given 
set of columns, the value of In[n]M for a specific sample should 
be reduced (consistent with hydrodynamic volume shrinkage for 
highly water-soluble polymers). Additionally, assuming that pH, 
ionic strength, etc. are constant for the studied system, elution 
volume should also vary in a linear fashion when changing from 
water to a methanol-water solution. A high molecular weight poly- 
mer (©) which elutes at the void volume in water may be brought on 
scale by the addition of nonsolvent (Figure 1) and thus the relative 
molecular weight can be determined by comparison to the standards. 
It should be stressed that in order for studies of this type to be 
useful with polyelectrolytes, salt concentrations and pH values 
must be adjusted to minimize both the charge-charge interaction 
between the polymers and the stationary phase and also to suppress 
the Donnan effects. 


Excellent results were obtained utilizing poly(styrene sulfo- 
nate) standards in 20% methanol/water solution with 0.2 M tetra- 
methylammonium hydroxide buffered to a pH of 4.5 with acetic acid. 
At this pH and ionic strength the polystyrene sulfonates may be 
largely in the acid form and thus would be expected to behave as 
uncharged macromolecules. Figure 2 shows a linear response of 
In[n]M vs. elution volume for a four column set (three with 3000A 
glass packing and one with 14004 glass packing). Columns were 
stainless steel, 60 cm in length and 7.62 mm in diameter. 


Molecular weight was calculated for one polyacrylamide sample 
obtained from Polysciences using the above calibration curve. A 
value of 5 to 6 x 106 was reported by the manufacturer; our experi- 
mentally determined value was 8.4 x 10°, 
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DILUTE SOLUTION STUDIES 


Dilute solution behavior of the synthesized copolymers and 
the corresponding homopolymers has been investigated by intrinsic 
viscosity studies at different temperatures in deionized water and 
salt solutions of various ionic strengths. Intrinsic viscosities, 
[nN], were obtained in the” usual manner (1) utilizing the Huggins 
equation, Kraemer equation, Schulz-Blaschke equation and Fuoss 
equation. Viscosity-average-molecular weights for homo-polyacryl- 
amide samples were determined from a [n]-M relationship given by 
Scholtan (6): 


[nl] = 6231 x 10>-M?*® in-water at 25°C. 


[n]-M relations for PAMNaA copolymers have been recently reported 
inweliteratune (7). 


Since aqueous homo-polyacrylamide solutions show a solution 
viscosity instability or aging effect, viscosities were also deter- 
mined as a function of time. The rate of change of reduced vis- 
cosity with time is greatest for high concentrations of polyacryl- 
amide, but decreases for more dilute samples. The aging effect is 
only observed above a critical molecular weight ( ~ 106) and in- 
creases with increasing molecular weight (8). Figure 3 shows the 
effect of ionic strength on the aging behavior of a PAM of = 
1.36 x 10°. After approximately 100h storage viscosity stability 
was achieved. Reduced as well as intrinsic viscosities pass ob- 
viously through a maximum with increased salt concentration. This 
trend is also observed in the presence of LiCl and urea. Such ob- 
servations may be related to a change in intramolecular H-bonding 
that would be destroyed in the presence of salt or urea and to the 
existence of an osmotic effect at higher salt concentrations that 
would cause a decrease in the viscosity. 


Figure 4 shows the change in reduced viscosity for the above 
PAM (polymer concentration = 0.0318 g/dl) in 1.5% NaCl solution as 
a function of time at different pH-values. Stabilization can be 
observed after approximately 100 hours for pH-values 7 and 2. At 
pH = 12 we observe an increase in the reduced viscosity due to 
saponification of the PAM. The synthesized dextran-g-acrylamide 
copolymers do not show any aging effects indicating small PAM-graft 
lengths. We believe that the effect of the solution instability 
may be explained not by degradation but by disentanglement of the 
polymer molecules and/or a change of conformation of the solution 
structure due to changes in intramolecular hydrogen bonding. It 
thus appears that suitable standard conditions should be found for 
preparation of PAM solutions in order to obtain reliable viscosity 
values. 


754 C. L. McCORMICK ET AL. 


0.75% Nacl 


(dl/g) 


Nap’ 


6% Nacl 


t (h) 


Fig. 3. Reduced viscosity of PAM C-44 (c = 0.063 g/dl) as a func- 
tion of time for various NaCl concentrations. 


Table 5 and Table 6 give some representative viscosity data 
for PAMAA and D-g-AM respectively in 1.5% NaCl solution after al- 
lowing for viscosity stability. The last column in the table dis-— 
plays the ratio of the intrinsic viscosity in deionized water, 
[n]H,0, and ins > ZaNaC is solwetonner iil NaClem ch emcatlonm kOIaE AMA 
is a function of copolymer composition and structure and shows a 
maximum at about 50 mole % acrylamide; we observe here an almost 
50-fold decrease in [n] for a 1.5% NaCl solution, whereas [n] for 
homo-PAM is relatively insensitive to salt effects. The intrinsic 
viscosity for D-g-AM in salt solution shows no significant change 
from the intrinsic viscosity in water. The ratio [n]H,0/[n]Nacl 
is comparable to that of dextran. 


Figure 5 gives some representative viscosity data for par- 
tially hydrolyzed PAM of different molecular weights in 1.5% NaCl 
solution. [mn] passes through a maximum at about 50 mole % Na- 
acrylate content. It is obvious, that even in the presence of high 
amounts of salt, the copolymer has a higher value of [n] than the 
corresponding homopolymer. The [n]-maximum may be interpreted on 
the basis of an increase in the molecular hydrodynamic volume due 
to hindered rotation caused by cyclization between amide and 
carboxylic-anion group (9) which might be formulated as follows: 
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ablewes s 


Polymer 


PAMAA-29 
PAMAA- 30 
PAMAA-31 
PAMAA-32 


Table 6. 


Polymer 


D-g-AM 10-1 
D-g-AM 10-2 
D-g-AM 10-3 
D-g-AM 10-4 


Dextran 


ad 


Viscosity Data for Poly(acrylamide-co-acrylic Acid) 
Samples an 57, NaCl Solution: at 30°C 


Copolymer 
Composition 
[mole % [In] 
acry lamide] (d1/g) [n]H,0/[n]Nacl 
Val eD Bo 35) 3 
O22 LET | 42.6 
Sale, Bates 49.5 
EDI 8.4 34.9 


Viscosity Data for Poly(dextran-g-acrylamide) Samples 
An, Lo, NaCl Solutionsat. 30°C 


4h Grafting 

Ce Efficiency [n] 

[m] (%) (d1/g) [n]H.,0/[n]Nacl 
0.0025 DE AL 1.64 6 
0.0050 Bile 6 2.68 1.08 
0.0075 S26 Do DS 1520; 
0.0100 Sie, 2.05 ileal 7, 

—— -- 0.29 1.08 
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Fig. 4. Reduced viscosity of 1.5% NaCl solutions of PAM C-44 
(C = 0.0318 g/dl) as a function of time for different 
pH values. 
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Fig. 5. Intrinsic viscosity of partially hydrolyzed polyacrylamides 
in 1.5% NaCl solution. 
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Figure 6 shows the ratio [n]H,0/[n]Nacl as a function of co- 
polymer composition. The maximum at about 30 mole % Na-acrylate 
can be attributed to increased cyclization in pure water as com- 
pared in NaCl solutions. The increase in the ratio at higher 
extents of hydrolysis results from an increase in the hydrodynamic 
volume in pure water due to increased electrostatic interactions 


along the molecule. 


The effect of ionic charge density and added salts on the 
hydrodynamic volume of the copolymers affects not only the rheo- 
logical performance but also influences the thermodynamic stability 
of these polymer solutions. Investigated were HPAM samples of 
varying extent of hydrolysis (from 0 to 66 mole % Na-acrylate) in 
salt solutions of different valences. For monovalent salts, no 
precipitation has been observed up to saturated salt concentrations. 
The addition of multivalent gegenions, on the other hand, leads to 
precipitation that depends on the concentration of polymer and 
added salt and on the degree of hydrolysis. Ca2+ salts precipitate 
highly hydrolyzed samples more rapidly than Mg2t salts, but are 
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Fig. 6. Relative viscosity change of partially hydrolyzed poly- 
acrylamides in water and_brine at 30°C as a function of 
copolymer composition, (M, = 5.5 x 106). 


less effective than Zn2+ and Al3+ salts. In some cases the pre- 
cipitation is observed at an intermediate polymer concentration 
and the solutions become clear again as polymer concentration in- 
creases (Figure 7). The value and position of the cloud point 
depends for a given polymer concentration on the nature of the 
multivalent salt, on the degree of hydrolysis, and on the salt 
concentration. 


In conclusion, the influence of solvents on the dilute solu- 
tion behavior of the copolymers can be ascribed primarily to changes 
in the molecular expansion brought about by solvent action, and 
changes in the chain flexibility. From a practical point of view, 
there is no advantage in using too highly hydrolyzed polyacrylamides 
in enhanced oil recovery, especially when the water contains large 
amounts of salts. For highly hydrolyzed samples the viscosity 
sharply decreases when mono- and especially multivalent salts are 
added; precipitation then occurs as more multivalent salt is added. 
Effectiveness will depend on exact field conditions, especially on 
the nature and the concentration of added salts, and the temperature 
and pressure. 


POLYMER SOLUTION PSEUDOPLASTICITY AT LOW SHEAR RATE CONDITIONS 


Many water soluble polymers show a solution behavior which is 
non-Newtonian. When flow curves are experimentally obtained that 
plot the fluid shear stress versus shear rate, the curves show that 
in most cases the solution rheology is pseudoplastic. For pseudo- 
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Fig. 7. Dependence of the volume fraction of the precipitant Nive 
on the logarithm of the volume fraction V5 of the polymer 
at the cloud point at T = 30°C. 


plastic fluids, the apparent viscosity, which is the ratio of fluid 
shear stress to shear rate, decreases as the shear rate increases. 
A pseudoplastic or shear thinning property is desirable for polymer 
solutions which are used in enhanced oil recovery. 


High shear rate conditions exist near the well bore when poly- 
mer solutions are injected into an oil reservoir. At high shear 
rates the solution viscosity is low because of its pseudoplastic 
Mature. This lower solution viscosity results in less fluid flow 
resistance and thus less power is required for injection of pseudo- 
plastic polymer solutions into a reservoir. 
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As the polymer solution flows away from the well bore into 
the reservoir interior the fluid velocity decreases. For perfect 
plug flow conditions, the local fluid velocity would be inversely 
proportional to the distance away from the well bore. As the 
fluid velocity decreases, the local fluid shear rate experienced 
in the reservoir would proportionally decrease (10). As the fluid 
shear rate diminishes the polymer solution's apparent viscosity 
would increase. At very low shear rates the solution would have a 
constant viscosity, called the zero shear viscosity, and would 
behave as a Newtonian fluid. High values of fluid viscosity away 
from the well bore are desirable because the polymer solution's 
displacement of oil from the reservoir is more efficient (11). 
Thus, a knowledge and control of the pseudoplastic nature of the 
water soluble polymer solutions used for enhanced oil recovery is 
extremely important. 


Two separate theoretical analyses of polymer molecular behavior 
in solution have been carried out by Bueche (12) and Graessley (13). 
Both analyses predict a pseudoplastic rheology for polymer solu- 
tions in simple shear. However, Bueche's explanation is based on 
the response of independent polymer molecules to a shearing flow 
field and Graessley's explanation is based on the response of 
entangled molecules when placed in a shearing flow field. 


Bueche's analysis is based on the response of a single free 
draining polymer coil rotating in a shear field. As segments of 
the molecule are rotated about a center of gravity by the shearing 
flow field, they experience an alternating tension and compression. 
Bueche assumed that each molecular segment would behave like a 
small mass attached to a linear spring. At low shear rates the 
molecular segments can respond to the alternating tension and com- 
pression forces, and energy is dissipated. This would be detected 
by a higher apparent solution viscosity. The viscous behavior of 
such a system was treated quantitatively and the result obtained 
by Bueche for dilute polymer solutions is: 


= N Bee ee 
pus ogee silent (YA) ee CD 
ell ‘ 2 : ee 2 ew ORS (1) 
o-*S nels Gy ey ae) sins aa 


In equation (1), y 4s the shear, rate, Neus the solvent viscosity, 
uf is the solution zero shear viscosity, y is a characteristic 
molecular response time, n is the solution viscosity, and N is the 
total number of molecular segments in a macromolecular coil. 


Bueche also developed a simplification of equation (1) by 
dropping terms which are not important except at high shear rates. 
Thus at low shear rates: 
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Beles 


Uae 


SiG Oe (2) 


The characteristic molecular response time in equation (2) was 
defined for a linear molecule as: 
Poy od 
12(n_-n_)Mo. 
x= Seay e nae (3) 
T RTc 


In equation (3), c is the concentration of polymer in solution, T 
is the absolute temperature, M is the polymer molecular weight, R 
is the gas constant, and @ is a shielding factor. 


The shielding factor compensates for the fact that polymer 
molecules are not freely draining. As the polymer molecule re- 
stricts the flow of solvent within the polymer coil, more energy 
is required to rotate*the coil. For free draining polymer coils 
of linear molecules the shielding factor is one; for a nondraining 
coil the shielding factor is less than one. In general, for long 
molecules the shielding factor is a function of the ratio of seg- 
ment weight to polymer molecular weight. 


M 
a = [eI (4) 


In equation (4), M, is the effective molecular weight of the molec- 
ular segments forming the polymer coil. Polyelectrolytes and other 
stiff molecules have a large polymer segment weight and thus solu- 
tions of these polymers will show a larger degree of pseudoplas- 
ticity than equivalent molecular weight nonionic polymers. Also 
molecular response times of branched polymers are usually greater 
than the response times for equivalent molecular weight linear 
polymers (14). 


The shear stress, T, versus shear rate, Y, data obtained on 
polymer solutions by a shear viscometer can be analyzed by using 
a linear form of equation (2). 


/2 sul 2 


n=5=n, - Mona (5) 


Y 
As seen by equation (5), when the apparent viscosity is plotted 
versus the square root of the shear rate, a linear function will 
be obtained. From a linear regression analysis of viscometer flow 
curve data, an intercept, a, and slope, b, can be determined. The 
zero shear viscosity is equal to the intercept, and the molecular 
response time is a function of the slope and the intercept as shown 
below: 
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ile =a (6) 
2 
soph akin Se (7a) 
Gan, 
oO Ss 
2 
hers (7b) 
(a-n.) 


In concentrated solutions, Bueche's idea of single polymer 
coils undergoing rotation without interaction with other coils is 
not reasonable. In contrast to Bueche, Graessley explained poly- 
mer solution pseudoplasticity by the dynamics of polymer molecules 
entangling and disentangling. The degree of entanglement that 
exists between molecules approaching one another in a shear field 
is dependent upon the average response time required for molecular 
segments to move and intermesh, \, compared to the time the mole- 
cules remain sufficiently close to contact one another and become 
entangled. In simple shear, the contact time is inversely propor- 
tional to the shear rate. If the shear rate is low, the contact 
time will exceed the molecular response time and a high degree of 
molecular entanglement will exist. As entanglement increases more 
energy is dissipated. This results in a higher apparent solution 
viscosity at lower shear rates. Graessley reduced his theoretical 
analysis to the following function: 


2 
Alte “ Gee 6 + “On (8a) 
No (1+67) 
where 
oe — (8b) 
No 


In equation (8), n is the apparent solution viscosity, No as -the 
zero shear viscosity, and y is the shear rate. The characteristic 
molecular response time, A, is defined by equation (3) when the 
shielding factor is one. In equation (8), the terms in the bracket 
can be approximated by two series expansions. 


3 5 
aah T Q ) 
t =—- meget ae 
co fs) 7 6+ 3 5 Ses (9) 
6 (1-67) 2 5 7 
oe = 130 oe SO aan nts eine (10) 
(1+07) 


Substitution of these series expansions into equation (9) gives: 
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If 8 is less than unity, then the higher degree terms of 6 can be 
neglected and equation (11) can be approximated by: 

ieee 160° 
37 


(12) 


when 


Substitution of the definition of 8, equation (8b), into equation 
(12) gives: 


3 
is ik jas 
aet-=— |e (13) 
ie 127 ite 


Equation (13) can be used to analyze viscometer flow curve data 
only when the 9 parameter is less than one. The 0 parameter can 
be made small by collecting solution viscosity data at the incep- 
tion of pseudoplastic behavior (low shear rate). Equation (13) 
can be rearranged into a linear form. 


T m\ 3 
y ee 9 48 (14) 


121M) 


Equation (14) can be used to determine the molecular response time 
and the zero shear viscosity by plotting the apparent solution vis- 
cosity versus the cube of the shear stress. From a linear regres-— 
sion analysis of viscometer data, an intercept, a, and slope, b, 
can be determined. The intercept is equal to the zero shear vis-— 
cosity, and the molecular response time is a function of the slope 
and intercept. 


No = (S}) 
A= (-12nbn? 73 (16a) 
\ = (-12mba2) 1/3 (16b) 


From a knowledge of the molecular response time, polymer con- 
centration, temperature, and the zero shear viscosity, a polymer 
molecular weight can be calculated from equation (3). 


Although both the Bueche and the Graessley analyses were 
developed for monodisperse polymers in solution, experimental 
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evidence suggests that both analyses can be used for polydisperse 
systems if the viscosity average molecular weight is used in the 
definition of the average molecular response time (15). More com- 
plicated relationships for dealing with polydispersity can be found 
in the Literature (16,17); 


The molecular theories of Bueche and Graessley are similar in 
that both theories relate the pseudoplastic nature of polymer solu- 
tions as a function of a dimensionless Deborah number which repre- 
sents a ratio of the response time of the polymer molecules in 
solution, A, to the time scale of the flow process (18). In simple 
shearing the time scale of the flow process is inversely propor- 
tional to the shear rate. Thus both equation (5), developed from 
the Bueche theory, and equation (14), developed from the Graessley 
theory, can be expressed in terms of the Deborah number, N 


De 


ae Af2 
ae er (Np) (17) 
fe) 
3 
i} n 3} 
—-=A1- | N (18) 
Ws 12mn> De 
fe) 
where: 
Nye & AY (19) 
ae >> Ne (20) 


In conclusion, both the Graessley and Bueche theories confirm 
the general experimental observation that the reduced solution vis- 
GOSH tava, n/No> is a function of AY. Therefore, solution rheological 
behavior can be described by two material parameters, the zero 
shear viscosity and polymer response time. In turn, these param- 


eters are functions of macromolecular structure and solvent 
properties. 


A Haak® ‘coaxial cylinder viscometer (model RV100 with sensor 
system ME30) was used to study the rheological properties of sev- 
eral water soluble polymer solutions. Aqueous solution sets of 
five polyacrylamides having various concentrations were prepared 
using deionized water. The techniques for producing the hydrolyzed 
polyacrylamides have been previously discussed in the synthesis 
section of this paper. Chemical analysis of the polyacrylamides 
showed that the degrees of hydrolysis for the five polymers were 
0, 19, 33, 60 and 66%. The zero % hydrolysis polymer was analyzed 
by GPC, and had a molecular weight of approximately 8 million. 
Flow curves on all solutions were obtained by the viscometer at 
20°C by shearing the solutions from a shear rate condition of 30 
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to zero sec7! at a program scan rate of -0.5 sec7l/min. At this 
low scan rate, the deceleration forces of the rotating cylinder 
could be neglected and therefore no corrections on the shear stress 
outputs were made. 


A set of flow curves for the HPAM polymer solutions at 1500 
ppm concentration are shown in Figure 8. This figure is typical 
of the rheological behavior at other concentrations. Because the 
molecular weights of all the hydrolyzed polymers are approximately 
equal and the polymer concentration for all solutions was 1500 ppm, 
the difference in solution behavior shown by the flow curves must 
be due to the degree of hydrolysis. At any given shear rate, an 
increase in the degree of polymer hydrolysis up to 60% causes an 
increase in the shear stress or has increased the apparent solution 
viscosity. At a 66% degree of hydrolysis, the trend is reversed 
and the apparent solution viscosity decreases. Also it should be 
noted that solution pseudoplastic behavior is enhanced by increas- 
ing polymer hydrolysis up to 60%. Increased pseudoplastic behavior 
can be detected by a more rapid decrease in the flow curve slope 
as the shear rate increases. 


As expected, increasing the polymer concentration in pure de- 
ionized water increases the fluid viscosity and the solution's 
pseudoplastic behavior; see Figure 9. Previous results have shown 
that the presence of salt ions significantly decreases both the 
fluid viscosity and solution's pseudoplastic behavior (6). The 
presence of salt ions neutralizes the charged nature of the hydro- 
lyzed polymers and this reduces the volume of solution occupied by 
the ball-shaped polymer coils. With less solution volume occupied 
by single macromolecules, less intermolecular entanglement would 
exist because the molecules are separated by greater distances. 
Therefore, the solution viscosity of charged polymers in salt con- 
taining solvents would be less than in pure aqueous solvent. 
Similar results were found for poly(acrylic acid) solutions (19). 


Each of the flow curves obtained by the Anata wisconerar 
were analyzed in the low shear rate range by using the theoretical 
models of both Bueche and Graessley. The shear stress, shear rate 
data taken from each flow curve were fitted to both equation (5) 
and equation (12) by linear regression. Best values for molecular 
response time and zero shear viscosity were then calculated using 
equations (6), (7), (15), and (16). These results are presented 
in Table 7. 


Results from the Bueche analysis give higher values for the 
zero snear viscosity when compared to results from the Graessley 
analysis, but lower values for the molecular response time. How- 
ever, the Bueche parameters are linearly correlated with the 
Graessley parameters. The Graessley molecular response times are 
linearly proportional to the Bueche response times. The zero shear 
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solution viscosities calculated from the Bueche analysis are ap- 
proximately one and one-third times the zero shear solution vis- 
cosities determined from a Graessley analysis. This correlation 

of both sets of parameters infers that Bueche's and Graessley's 
models of polymer solution rheological behavior are different forms 
of the same relationship. Possibly, a relationship in which the 
Deborah number is the conttolling factor as suggested by equations 
€17)--and (18). 


Because of the concentrated nature of the hydrolyzed poly- 
acrylamide solutions, equation (3) was used to estimate the polymer 
viscosity average molecular weights from the zero shear and re- 
sponse time calculated from a Graessley's analysis of flow curve 
data. These values are shown in Table 7. Although the molecular 
weights ranged from 7 to 21 million, the average value for all 
solutions was 10 million, which was close to the expected 8 million 
value obtained by GPC analysis. The large variation in molecular 
weight is probably due to inadequate experimental technique in 
maintaining a constant viscometer zero adjustment. 


CONCLUSIONS 


° A series of random— and graft-copolymers of acrylamide with 
varying molecular weights, shapes, ionic densities, and 
hydrogen-bonding capabilities have been synthesized and char- 
acterized. 


Aqueous solutions of the above polymers show widely dif- 
ferent behavior under carefully controlled conditions of 
concentration pH, temperature, and mono- multivalent 
electrolyte concentration. 


. High molecular weight, ionic copolymers yield higher vis-— 
cosities in water than do uncharged graft-copolymers 
viscosities of the former, however, are drastically af- 
fected by the addition of mono- or multivalent electrolytes. 


C Ionic acrylamide copolymers show a definite time dependency 
of apparent viscosity after shearing at moderate rates. 
This "aging" effect, repeatedly demonstrated in a number 
of solution studies, does not appear to be due to irre- 
versible breakage of primary bonds but is apparently the 
result of reversible molecular entangling or hydrogen- 
bonding interactions. 


o Gel permeation chromatography experiments with aqueous 
polymer solutions under carefully controlled conditions 
may be used to characterize a number of widely different 
polymer types. Solvents may be chosen which "shrink" 
molecules to dimensions which are resolvable in com- 
mercially available porous glass packings. For a series 
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of standards, rather accurate calculations have been made 
of molecular weight. 


: Practical implications of the GPC studies are that solvent 
character of the aqueous solutions may be varied by addi- 
tion of organic solvents, buffers, or salt solutions to 
reduce molecular dimensions. Such changes may be neces- 
sary in reservoirs with small pore sizes to reduce 
excluded pore volume. 


c The Graessley model of pseudoplasticity appears promising 
for use in describing the rheological behavior of dilute 
polymer solutions at the low shear rate conditions ex- 
perienced in a reservoir. 


: Use of pseudoplastic solution flow curve data and the 
Graessley model may enable prediction of polymer viscosity 
average molecular weight. Confirmation of this method for 
accurate molecular weight determination is presently under- 
way. 
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NOMENCLATURE 


= intercept of a linear function 

slope of a linear function 

= polymer concentration, g/cm? 

= function of 

molecular weight, g/mole 

= polymer viscosity average molecular weight, g/mole 
= polymer segment molecular weight, g/mole 
concentration in moles/liter 

= total number of polymer molecular segments 
= Deborah number, dimensionless 

= gas constant, 8.314 x 107 dyne cm/°K mole 
= absolute temperature, °K 

sample elution volume, em3 

GPC column total void volume, cm3 

GPC column total permeation volume, cm3 

= fluid shear rate, sec7l 

= apparent solution viscosity, dyne sec/cm2 
= apparent solution viscosity at very low shear rates, 
"zero shear viscosity," dyne sec/cm 
solvent viscosity, dyne sec/cm2 

intrinsic viscosity 
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8 = parameter defined by equation (8) 

a = solvent shielding factor, see equation (4), dimension- 
less 

r = average molecular response time, defined by equation 
(3) 5 see; 

T = fluid shear stress, dynes / cm 

D-g-AM = acrylamide-grafted copolymers of dextran 

HPAM = partially hydrolyzed polyacrylamides 

PAM = homopolyacrylamides 

PAMAA = random copolymers of acrylamide with acrylic acid 

PDMAM = homopolydimethylacrylamide 

PAMDEAM = random copolymers of acrylamide with N,N-diethyl- 
acrylamide 

PAMDMAM = random copolymers of acrylamide with N,N-dimethyl- 
acrylamide 

PAMNaA = random copolymers of acrylamide with sodium acrylate 
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RESPONSE OF MOBILITY CONTROL AGENTS TO SHEAR, 


ELECTROCHEMICAL, AND BIOLOGICAL STRESS 


Gas cOrm, Je Dee hdwardsmands Has J)-ssbassman: 
Energy Resources Co. Inc. 


Cambridge, Massachusetts 02138, U.S.A. 


Bench-top studies were carried out in the laboratory to evalu- 
ate the degradation of polyacrylamides and polysaccharides under 
simulated conditions of shear, electrochemical, and microbial 
stress. Effects were evaluated in solutions with varying concen- 
trations of univalent and polyvalent electrolytes (0-100,000 ppm) 
at different values of temperature. The effect of microbial stress 
was evaluated by inoculating pure cultures of anaerobes and aerobes 
into solutions of the biopolymers and copolymers and measuring the 
bulk properties as a function of time to determine kinetics of 
biological and chemical degradation. The viscoelastic responses 
of the polyacrylamides as indicated by their screen factor and the 
filterability of the polysaccharides were monitored at the above 
conditions. Core flooding tests were carried out to further evalu- 
ate the chemical integrity of the mobility control agents under 
simulated field conditions. Average pressure drop and breakthrough 
concentrations as a function of pore volume throughput were used to 
evaluate the rheological and retentive behavior of the copolymers 
and biopolymers in brine-saturated and partially oil-saturated 
sandstone cores. The rheological behavior of fluids in the reser- 
voir cores is correlated with the degradation of polymers from 
bulk phase measurements of shear viscosities, screen factors and 
millipore filter ratios. 


INTRODUCTION 
Most chemical enhanced oil recovery processes utilize mobility 
control agents to improve the displacement efficiency of the mobi- 
lized oil. In situ gelling and cross-linking of mobility control 


agents are being used increasingly to correct for gross hetero- 
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geneities such as high permeability streaks and underlying aquifers. 
The utility of these mobility control agents in the reservoir de- 
pends on their ability to sustain chemical integrity throughout the 
lifetime of a chemical flood at reservoir conditions and field 
rates. Bench-top and core flooding experiments can be carried out 
to evaluate the chemical integrity of the mobility control agents 
under different states and levels of stress. The degradation of 
mobility control agents in the bulk and in the reservoir cores, 

as a result of different levels of shear, electrochemical, and 
microbial stress can then be used to develop parametric curves. 
Parametric curves allow cross-interpretation for effective evalua- 
tion of the polymer rheology under typical reservoir and flood 
conditions. 


Effects of electrochemical and shear stresses on rheologic 
and retentive behavior: The compatibility of polymers with the 
river and formation waters was evaluated in terms of sensitivity 
to salt, to shear. Most of the compatibility tests were performed 
in an 80/20 mixture of synthetic river and synthetic formation 
waters since injected polymer solutions are expected to contact 
significant concentrations of formation brine (> et) even after 
a very efficient freshwater or alkaline preflush. Rheological and 
retentive behavior of polymers in reservoir cores were tested with 
an 80/20 mixture of river and formation waters as well as with a 
100-percent river and a 100-percent formation waters. The analyses 
of the formation water and the river water are displayed in Table l. 
Twelve polymers from nine manufacturers were evaluated; eight of 
these polymers are polyacrylamides and four are polysaccharides. 
The polymers are identified by an alphabetical index in terms of 
manufacturer, product, state and activity in terms of weight per- 
cent in Table 2; different polymers from the same manufacturer are 
numbered, e.g., Cl and C2 from American Cyanamid. 


Viscosity as a function of electrolyte concentration: The 
extreme sensitivity of these copolymers to electrolytes is evident 
in the electrochemical degradation factors listed in Table 3. The 
electrochemical degradation factor is defined as the ratio of shear 
viscosities (measured in a Brookfield viscosometer with a UL adap- 
tor) of polymer in river water and 80/20 mix of river/formation 
waters at 7.3 sec-! and 95°F. The polyacrylamide copolymers are 
much more viscous than the polysaccharide biopolymer at equivalent 
concentrations in fresh water but are much less viscous than the 
biopolymer in the saline water (10,000 ppm TDS). The high molec- 
ular weight of the polyacrylamides, which provides the high vis- 
cosity of these copolymers in fresh water, results from the 
reactive nature of the individual polymer molecules. The diffuse 
double layer, generated by the high charge density of the reactive 
units, is compressed in the presence of high concentrations of uni- 
and polyelectrolytes. The collapsed double layer lowers the 
electrostatic forces of repulsion and causes the polymer chain to 
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Table 1. Composition of Formation and River Water in Storms Pool 


Project, 
Waltersburg Little 
Formation Wabash River 
Water Water 
Constituent (ppm) (ppm) 
Sodium IES} WINS) 18 
Calcium TZ JES 
Magnesium 358 8 
Chloride D520) 25 
Sulfate 7 5 
Iron il 0 
Bicarbonate 403 110 
Carbonate 0 0 
Total 38,466 189 
Total Iron iL 9 
Barium 18 0 
HAS 2.4 0 
pH at 24°C 6.8 deed 
Specific gravity at 24°C 03 eS) 
Resistivity at 24°C OZ 43.0 
(ohm—m) 
Turbidity (Nephelometric 54 Wy 


Turbidity Units) 
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Table 2. Identification of Polymers by Manufacturers, Products, 
Type, State and Activity in Terms of Weight Percent. 


Active 
Manu- Product 
Polymer facturer Product State (Wt %) 
Ie 
0 A Amoco Sweepaid 103 W/O Emulsion 25 
L 
Y. B NALCO NAL-FLO F HMWS W/O Emulsion 30 
A 
@ Cl American Cyanatrol 950S W/O Emulsion 30 
R C2 Cyanamid Cyanatrol 9605S W/O Emulsion 30 
Ne 
if D Allied 1100-L W/O Emulsion 50 
A Colloid 
M 4 
it El CORT™ N-Hance 335 Aqueous Log 30 
D E2 CORT N-Hance 330 Aqueous Log a 
E 
S F Dow XD-30226.0 W/O Emulsion 28 
P 
O Gl Pfizer Flocon 1035 Broth Med 
L 
V G2 Pfizer Flocon 4880 Broth SSI) 
S 
A H Abbott Broth Dal's 
iC 
G JJ Rhone- Rhodopol Dry ~88 
H Poulenc 
A 
R 
WL 
D 
E 
S 


+ 


Joint venture company of Phillips Petroleum and Hercules. 
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Table 3, Electrochemical Degradation of 500 ppm Active Polymer at 
a Shear Rate of 7.3 sec! and 95°F. 


ad 


Viscosity in 
River Water 


Viscosity in 

80/20 Mix of 

River /Forma-— 

tion Waters 
(cp) 


Polymer (cp) 
Copolymers 
A 35.5.5) 
B 49..8 
C 43 
D1 64 
D2 
D3 
E 42.4 
62.5? 
Biopolymers 
Gl S9 
G2 iL} 
H 13.4 
Je 2:26 


2.6 
4.3 
2.5 
3.6 
2.88 
2.5 
3.8 
4.3 


8.3 
W205 
8.4 
ILO), 3) 


14. 
Jue 
AW 
IETS 


eles 
14. 


a 


OOF ho" ON IS 


04 


“This measurement was made on an unfiltered solution; all other 
solutions were filtered with a depth filter. 


brhe electrochemical degradation factor can be used for compar- 
ative purposes although the results of these tests are at 75°F 


and the other tests are at 95°F. 


“pry polymer (all others are liquids or gels). 


Electrochemical 
Degradation 
Factor 
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ball up as a result of Van der Waal's forces of attraction. The 
effect of the electrochemical environment on the bulk rheological 
behavior of the polyacrylamide molecules could be an entropic 
rather than an energetic phenomenon, i.e., the internal energy of 
the polymer decreases in the presence of salt and the polymer chain 
mechanically ruptures during elongation deformation as the entropy 
or degree of randomness increases. Thus, the viscosity of the 

high molecular weight polyacrylamides drops, as illustrated in 
Figure 1, by an order of magnitude in the presence of uni- and 
polyelectrolytes at approximately 10,000 ppm TDS. The viscosity 

of the biopolymers, labelled Gl and G2 in Figure 1, are not af- 
fected by the presence of the electrolytes because of the lower 
charge density on the polysaccharide monomers. It should be noted 
that the viscosities of polyacrylamide B in the 80/20 mix of for- 
mation and river waters are not that much lower than the viscosities 
of the biopolymers. 


Screen factor and millipore filter ratios of dilute polymeric 
solutions: Screen factor is defined as the ratio of the flow time 
for the polymer solution to the flow time of the appropriate sol- 
vent (water or brine) through a random stack of five 100-mesh SS 
screens. The screen factor is a measure of the viscoelastic re- 
sponse of the polymer, i.e., the ability, or lack thereof, of the 
polymer solution to sustain sudden elongational deformation and 
the resulting normal stresses (1). Elongational deformation occurs 
as the solution accelerates through the screen openings of the 
screen viscosometer. Similar deformation will occur in porous 
media during the flow of fluids through the constrictions of the 
convergent-—divergent channels. The induced normal stresses can be 
large enough to break the polymer bonds and mechanically degrade 
the polymer. Thus, the screen factor is a better measure of me- 
chanical degradation than is viscosity which responds to shear 
rather than normal stresses; this measurement is, however, polymer- 
specific and cannot be used to compare different polymers. The 
screen factors of the copolymers in 100 percent river water and an 
80/20 mix of river/formation waters at room temperature are listed 
in Table 4. 


Polyacrylamide El, with the lowest electrochemical degradation 
factor of 11.2 in Table 3, experiences the smallest reduction of 
resistance factor in the presence of univalent and divalent electro- 
lytes, from 55.9 in river water to 49.5 in anic0/ 20mm isctunce nore aaers 
and formation waters. These unusually large resistance factors 
probably resulted from the hydrodynamic resistance of the long 
linear polymer chain which is a unique characteristic of its gamma 
radiation manufacturing process. There appears to be some cor- 
respondence between the effect of electrolytes on viscosity and 
screen factor since polymers C and Dl with the lowest electrochemi- 
cal degradation exhibit the greatest reduction in screen factor on 
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100.0 
100% River Water 
80/20 Mix of River/ 

a Formation Waters 
oO 

> 

tS 

g 10.0 

(s) 

2) 

> 


1.0 


400 800 1400 1800 


CONCENTRATION (ppm) 


Fig. 1. Viscosity as a function of polymer concentration in 1002 
river water and in 80/20 mix of river and formation waters. 


increase of electrolyte concentration. The correspondence exists 
because the electrochemical environment affects the orientation of 
the polymer molecules and their response to normal and shear 
stresses. Screen factor has been correlated with mobility reduc-— 
tion or resistance factor of dilute polymeric solutions in reser- 
voir cores (2). The screen factors listed in Table 4 directly 
reflect the active and residual resistance factors of the reservoir 
core floods described in a later section. 


Tests for filterability of polysaccharides through millipore 
filters are similar in procedure to screen factor tests for poly- 
acrylamides but yield different interpretations. The millipore 
filter ratio is defined as the ratio of the time required for the 
last 250 cc to, the first 250 ce of 1000 cc of 500 ppm polymer 
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Table 4. Screen Factors of 500 ppm Active Polymer 


ae a a ee 


Screen Factor 


Screen Factor in 80/20 Mix of 
in River Water River/Formation 
Polymer aye. JS AI8 Waters at 75°F 

P A 11.66 Wo @ab 

O c 

L B D7 See 

Se 

A Cc 6.62 2.84 

C 

R D1 Bik 35 L5es> 

Ye 

L D2 16 

A 

M D3 14.46 

iL 

D El 5558) 49.5 

E 

Ss iy D3} 

“Unfiltered. 


solution to flow through a presaturated 1.2 micron millipore filter 
under a constant gas pressure of 40 psi. The millipore filter 
ratio is a measure of the propensity of polysaccharide molecules 

to plug the filter and, by inference, the oil formation. Solutions 
with millipore filter ratios greater than 1.5 are considered un- 
acceptable; recent specifications of polysaccharide solutions by 
oil companies require that the filter ratio be no greater than 1.3. 
The flow time at 1000 seconds is a parameter which should be con- 
sidered in conjunction with the filter ratio. Filter ratios alone 
could be misleading in that a high degree of constant plugging 
could produce a low filter ratio. Pfizer has recommended that runs 
with flow times greater than 1000 sec/liter be considered unaccept- 
able. : 


Table 5 lists the millipore filter ratios and the cumulative 
flow times of Pfizer's polysaccharide G. The diluents used for 
these runs were all filtered through a 0.65-micron filter under 
pressure. The increase in millipore filter ratio between the 100 
percent river water (run 10), 80/20 mixture (runs 11, 12, and 13), 
and a 100 percent formation water (run 14) is consistent with the 
high retention of polysaccharide G2 in reservoir cores in the 
80/20 mixture (321 lb/acre-ft) and in 100 percent formation water 
(542 1lb/acre-ft). The results of filterability tests are plotted 
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Table 5. Polysaccharide G? Millipore Filter Ratios of 500 ppm 
Active Polysaccharide Product Under a Pressure of 40 
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psi. 
Diluentd Viscosity Flow Millipore 
CG River> (cp @ Time Filter 
Run Broth Conc. % Formation© 6 rpm) (@ 1000 cc) Ratio 
No. (wt % Waters) 
5 Dn Tl 80/20 9.9 40 Leila 
6 Dol gl 80/20 9.9 43 AL gly 
7 ea) 80/20 9.3 25 Lge SW 
8 Doll 80/20 9.3 Shil 3.0) 
10 he 100/0 10.3 61 1.16 
That 7 ff 23 80/20 LOA ib 83 iL SW 
ID oh 80/20 9.9 80 Lo 3@ 
iL eee 80/20 9.9 Us iL a dO 
14 Uh 0/100 Os 3 285 239 
15 8.4 100/0 LOZO 51 1.60 
16 8.4 24 100/0 10.0 Le 5D7 
IG7/ 8.4 80/20 ORG 63 Lowe 
18 8.4 80/20 10.6 1.60 


“polysaccharide from manufacturer G is made in four different 
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Concentrations (Gls = 92.77, G20= 145.63. — 
5550 ppm TDS with 2:1:: Nat:catt 
“38,500 ppm TDS with 19:1:: Nat:Cat+ 


4500 ppm TDS with 10:1:: Nat:Cat+ 


7.42, G4 = 8.4%). 
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in terms of filter rate (cc/sec) versus cumulative throughput (cc) 
in Figure 2. These representations combine the effects of incre- 
mental plugging (slope of curve) and initial plugging tendencies 
(initial flow rate) of dilute polysaccharide solutions. These 
curves indicate that biopolymer Gl has a better filterability than 
biopolymer H but that biopolymer Gl is much more affected by the 
presence of divalent and univalent electrolytes than biopolymer H. 
These results support the assertion that high retention of poly- 
saccharide Gl in reservoir cores is caused by microgel formation 
cross-linked with polyelectrolytes. The filterability of other 
candidate polysaccharides are plotted in Figure 3 and summarized 
in Table 6. The millipore filter ratios indicate that with respect 
to filtration time and rate the Pfizer polysaccharides performed 
best. Filtration of the polysaccharides in distilled water in- 
dicated that the Kelco, Rhone-Poulenc and Abbott broths would 
require diatomaceous earth filtration before injection. 


see ee SSS ee eee 


© 500 ppm Biopolymer G1 in 100% River Water 
@ 500 ppm Biopolymer G1 in 80% River Water/20% Produced Water 

0 500 ppm Biopolymer H Broth in 100% River Water 

@ 500 ppm Biopolymer H Broth in 80% River Water/20% Produced Water 


10 


Flow Rate, cc/sec 


[Se era pee woh eeroee a ws 
0 200 400 600 800 1000 


Cumulative Throughput, cc 


Fig. 2. Filterability of polysaccharide solutions as a function 
of electrolyte concentration. 
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Table 6. Millipore Filter Ratios of 500 ppm Active Polysaccharide 
Product under a Pressure of 40 psi. 


Millipore Filter Ratio 


Manufacturer 

First Pass Second Pass 
Prizer* (ei) 1.98 ale 
Kelco Hobs IbhoGre 
Rhone-Poulenc Terminated 271010 
Abbott Terminated Terminated 


Shear sensitivity of dilute polymer solutions: Figure 4 il- 
lustrates the viscous response of 500 ppm of the test polymers to 
shear at reservoir temperatures in 100 percent river water and an 
80/20 mix of river/formation waters. All the data points were 
measured by a rotational viscosometer, Brookfield with a UL adaptor. 
The sensitivity of the polymers to shear appears independent of the 
electrochemical environment. The independence of the shear- 
viscosity relationships in electrolyte concentrations is further 
illustrated in Figure 5 for a dilute biopolymer solution. Over the 
range of shear studied, the viscosity reduction of the test poly- 
mers is about 40 to 50 percent. Some of this loss is permanent for 
the polyacrylamide copolymers. Most of this loss will occur at the 
high velocities experienced at the wellbore if the surface facili- 
ties are adequately designed to minimize mechanical shear. The 
shear rate, T, in porous medium can be calculated from the following 
equation (3): 


_ TAQ x 10x Q 


A Vkob 


where: Q = ec/sec; A = cm?; Laedancy Om pOnostrEyr. 


The shear rate at typical open-hole completions is approxi- 
mately 2,000 sec~! at an injection rate of 600 bbl/day; the shear 
rate in the reservoir is approximately 20 sec"! at a reservoir rate 
of 1 foot/day. The viscosity of copolymer B at the wellbore condi- 
tion is approximately 44 percent of the viscosity at a typical 
laboratory shear condition of 7.3 sec7l; this value was obtained 
from extrapolation along curve B for the 80/20 mix in Figure 4. 
Mechanical degradation of the copolymers under shear, as measured 
by viscosity loss, in field (Wilmington) and laboratory (4) inves- 
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100.0" 


100% River Water 


10.0 


VISCOSITY (cp) 


80/20 Mix of 
River/Formation 
Waters 


1.0 10.0 100.0 
SHEAR, SEC*1 


Fig. 4. Viscosity at 500 ppm as a function of shear with river 
water and with 80/20 mix of river and formation waters. 


tigations suggests that some proportion of the viscosity reduction 
under increased shear will be irreversible on removal of the high 
shear field. The viscous response of the biopolymer to shear does 
not indicate significant hysteresis effects since the polysaccharide 
polymer molecules are relatively inelastic in nature. 


Rheological and retentive behavior of polymers in reservoir 
cores: The rheological and retentive behavior of polymer in reser- 
voir cores at 95°F and in an 80/20 mix of river/formation waters is 
summarized in Tables 7 and 8. One weight percent polymer solutions 
in river water were made up according to each manufacturer's sug- 
gested mixing procedure. The 1 weight percent solution was then 
diluted to the requisite concentration in an 80/20 mix of synthetic 
river and formation waters. The dilute polymer is filtered ina 
Seals No. 10 Candle Filter (a microporous porcelain filter) and 
readied for injection. Some of the flow experiments were conducted 
in the vertical upflow mode with the reservoir rock held in a 
Hasseler sleeve. A confining pressure of 300 psig was applied 
radially on the core and the back pressure was held to 40 psig. 

The pressure drop across the inlet and outlet lines of the core 
was recorded continuously during the run. The pore volumes of the 
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1,000 ppm 


VISCOSITY (cp) 


@ 100% River Water / 0% Produced Water 
A 80% River Water / 20% Produced Water 
0) 20% River Water / 80% Produced Water 
* 0% River Water / 100% Produced Water 


7.3 14.6 36.5 73.0 
SHEAR, SEC*1 


Fig. 5. Viscosity as a function of shear for biopolymer J at 95°F 
and 500 and 1,000 ppm of active polymer concentration with 
salt concentration as a parameter. 


cores tested were between 13 cc and 15 cc. The polymer concentra- 
tions in the effluent stream were measured by precipitation of the 
polymer in the 1.0 cc to 1.5 ce samples and turbidimetric evalua- 
tion of the precipitated amounts. The polymer retentions were 
evaluated from the area under the retention/adsorption curve and 
the elution/desorption curve. These values are then the "irrevers- 
ible" retention/adsorption loss of polymer. 


Polyacrylamide El exhibits the highest active and residual 
resistance factors (45.6 and 32.2 respectively) of the polymers 
tested. Polyacrylamide El also exhibited the highest resistance 
factors in river water and in a mixture of river and formation 
waters. The transient resistance factor and normalized concentra- 
tion curves as a function of pore volumes injected are illustrated 
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Table 8. Retentive Behavior of Polymers in Reservoir Cores at 95°F 
and ~ 2 f£t/day with an 80/20 Mix of River and Formation 


Waters. 
Polymer Retention 

Fractional 

Retention 

Test of Polymer 

Number Polymer 1b/acre-ft ug/g Injected 
1 B 309 5S ol Oo Ase 
2 BA 385 ~68.6 ~0.163 
4 Cc 236 40.5 0.094 
6 El 229 Sys, 0.106 
7 E2 207 BES! 0.084 
S59 E22? 330 ~58.9 ~0.140 
iat G2 321 ~55.3 0.136 


a , ; ‘ Z 
Carried out with residual oil. 


in Figure 6. The residual resistance factor (RRF) of polymer El 
dropped from 32.2 to 3.7 after the upstream end of the sample was 
trimmed. This is indicative of sandface plugging but not filter- 
cake buildup since the transient resistance factor (RF) curve 
flattens out at large pore-volume throughput. Sandface plugging 
is a probable cause for the high value of polymer retention (299 
lbs/acre-foot). This core flooding experiment was repeated with 
a lower molecular weight polymer, E2. The RRF was more favorably 
reduced (to 9) and the retention for this run was 227 lbs/acre- 
foot. The RRF of polyacrylamide B in Figure 7 does not give any 
indication of plugging although the transient RF curve shows a 
continual increase with pore-volume throughput. The slight upward 
trend in the transient RF is suggestive of some plugging behavior 
at high values of pore volume throughput. 


The transient RF and concentration curves of polysaccharide 
G2 are illustrated in Figure 8. The transient RF curve reflects 
some plugging behavior but not to the degree indicated by the high 
retention factor (321 1lb/acre-foot). The high RRF of 9.3 reflects 
some polymer retention/adsorption phenomena. The large retention 
could have resulted from association of polysaccharide molecules 
with divalent ions such as Mgtt and Catt to form reversible com- 
plexes in the 80/20 connate water at the flood front. Such a 
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distribution of reversible complexes would explain the filter cake 
plugging of the polymeric agglomerates and the increase in milli- 
pore filter ratios listed in Table 5. High pH could have been 
responsible for some of the plugging behavior (5). 


Polymer rheology tests on copolymer E2 (Tests 8 and 9) indicate 
some difference between these tests and the test carried out with- 
out residual oil (Test 7). Although the RF from Test 8 is approx- 
imately half that of Test 7, the polymer retention in Test 8 is 
more than the retention in Test 7. It should be noted that in the 
tests carried out with residual oil, differential pressure drops 
were measured across a slowly rotating core and retention was mea- 
sured after recirculating the injected solution until the concen- 
tration of the polymer injected was equal to the concentration of 
the polymer in the effluent stream. The care taken to avoid cap- 
illary end effects, gravity segregation, and nonequilibrium adsorp- 
tion in these experiments could be the reasons for the apparent 
seesaw in the results of the tests with and without residual oil 
saturation. 


Test 10 was carried out with copolymer El and an aluminum 
citrate mixture. The high RF of 145 indicates effective perme- 
ability reduction of the aqueous phase in the core. The RRF of 
35 to the 80/20 mix indicates that mobility control would be very 
effective during the fresh-water drive stage of the improved water- 
flood. This residual permeability reduction appears irreversible 
since the RRF to the 100 percent brine is approximately the same 
as that of the 80/20 mix of fresh water and brine. This high RRF 
to brine indicates that mobility control by a copolymer/aluminum 
citrate treatment would be effective during the fresh water and 
subsequent brine floods which follow a polyacrylamide slug. 


The transient RF and concentration profiles of polymer C2 in 
Figure 9 suggests that some in-depth plugging of the reservoir 
plug occurs. A previous test with a lower molecular weight polymer 
(C1) showed little active or residual resistance effects. The 
transient RF curve indicates that filter cake plugging of the res-— 
ervoir core was significant for polymer D. The severe injectivity 
problems could have resulted from incompatibility of this copolymer 
with the reservoir brines. This incompatibility problem is in-- 
ferred from the electrochemical degradation factor of 17.2 listed 
sum (Maile 3). 


A polyacrylamide and a polysaccharide (which performed best 
in the compatibility studies and in the core experiments) were 
tested for rheological and retentive behavior in the cores in a 
100 percent brine environment. These tests were performed in order 
to examine the interaction of the polymers with brines of unswept 
regions in the reservoir. The polymers were dissolved in distilled 
water and then mixed with 100 percent formation brine to the 
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desired concentration of 500 ppm. The dilution was such that the 
mixture concentration was greater than 99 percent formation brine. 
The results of the compatibility studies are listed in Table 9. 

The viscosity of polysaccharide G2 is relatively insensitive to the 
increasing degrees of salinity (0 to 10,000 to 40,000 ppm TDS). 

The viscosity of polyacrylamide E2 collapses by a factor.of Lis2 
after increase of brine salinity from 0 to 10,000 ppm TDS and then 
by a factor of 2.9 on increase of brine salinity from 10,000 to 
40,000 ppm TDS. The rheological and retentive behavior of these 
tests is graphed in Figures 10 and 11. As evident from the tran- 
sient RF curve in Figure 10, the injectivity of polysaccharide G2 
is not severely impaired by the presence of high salinity brines. 
The transient RF curve of polyacrylamide E2, Figure 11, implies 
that a significant amount of sandface plugging occurs as the direct 
result of the high salinity environment. The RF, RRF and retention 
of these polymers in different electrolyte environments are tabu- 
lated in Table 10. 


The high salinity environment of the dilute polyacrylamide 
solutions affects the viscosity of the bulk solution more than the 
hydrodynamic behavior of the polymeric solutions in reservoir cores. 
It appears that the situation is reversed for polysaccharides (at 
least for polysaccharide G) in that high salinity environments 
affect the active and residual resistance factors more than the 
viscosity of dilute polymeric solutions. The rheological and re- 
tentiye properties of filtered and unfiltered polysaccharide solu- 
tions were measured to determine if microgel formation was respon- 
sible for high RFs and RRFs in the high salinity environment. The 
measurements were made with 500 ppm of active polymer dissolved in 
filtered and unfiltered river water and in filtered and unfiltered 
formation brine; solutions were filtered through a 7 to 10-micron 
filter under a constant pressure head of up to 40 psig. The reten- 
tions and resistance factors are summarized in Table 11. The 
retention of the unfiltered polysaccharide Gl in river water is 
double that of the filtered polymer/river water solution. The 
retention of the unfiltered polymer/formation brine solution is 
triple that of the filtered polymer/formation brine solution. The 
differences in retention between the filtered and unfiltered solu- 
tions indicate that a significant portion of the retention results 
from mechanical entrapment of microgels which are formed in the 
presence of divalent cations such as Mg*t and Cat, 


The resistance factor of 500 ppm polysaccharide Gl in filtered 
river water is specific to the flooding velocity of 16.5 ft/day. 
The resistance factor at field rates (e.g., 1 ft/day) can be cal- 
culated since the shear rate is directly proportional to the 
flooding velocity and the logarithm of viscosity is directly re- 
lated to the logarithm of shear rate. The shape of the resistance 
factor curves for the xanthan gum in formation brine indicates 
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Table 9. Electrochemical Degradation of 500 ppm Active Polymer at 
a Shear Rate of 7.3 sec7! and 95°F. 


= = SUR ai gh 
80/20 
Mix of [Ul stn) 
u in River/ Electro- 100% Electro- 
100% Forma- chemical Forma- chemical 
River tion Degra- tion Degra- 
Water Water dation Water dation 
Polymer (cp) (cp) Factor (cp) Factor 
Polyacrylamide E2 42.4 a8 seer i e3 3220 
Polysaccharide G2 13 5 5 aes 1.04 £25 1.0 


Table 10. Rheological and Retentive Behavior of a Polysaccharide 
and a Polyacrylamide in Reservoir Cores at 95°F and 


~ 2 ft/day. 
Retention 
RF RRF ug/g 1lb/acre-foot 
Polysaccharide G2 15 Nes as Syl 
in 80/204 
Polysaccharide G2 9 Z 9355 542 
in 0/100 
Polyacrylamide E2 49 10 
in 100/0 
Polyacrylamide E2 41.8 O63 39.8 227 
in 80/20 
Polyacrylamide E2 Pad 2H USS 889 
in 0/100 


280/20 stands for a mixture of 80 percent river water and 20 per- 
cent formation water. 
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that some plugging occurs for the filtered case (Figure 12) but 
that severe plugging occurs for the unfiltered case (Figure 13). 
Figure 14 plots the normalized concentration versus pore volumes 
injected curve for the unfiltered polysaccharide/river water solu- 
tion; this figure illustrates the mass balance method by which the 
retentions in Table 1l were calculated. 


The effect of microbial stress on rheologic behavior: Bacte- 


ria in surface and formation water can pose several potential 
problems in the design of a polymer or polymer-micellar flood. The 
predominance of aerobic and/or facultatively anaerobic (bacteria 
which can subsist either aerobically or anaerobically depending on 
the oxygen tension level) bacteria in the surface waters can cause 
(i) “a catastrophic) reduction in viscosity, and (i%)) a decrease in 
filterability due to plugging of the oil bearing formation's sand- 
face with bacterial cells. The activity of anaerobic sulfate 
reducing bacteria in the formation produces H9S which can dissolve 
in the formation fluids to cause severe corrosion problems of the 
production strings and which can react with trace metals, such as 
iron, to form colloidal suspensions, complex suspended particulates, 
polymer and bacteria, and subsequently, plug the formation. Syner- 
gistic effects, as the result of cometabolism of the nutrient base 
by the aerobic and anaerobic bacteria, can rapidly reduce the 
integrity of a polymer slug in the reservoir. The addition of 
biocides to the wellbore, after the proliferation of bacterial 
colonies, often fail to inhibit microbial growth completely be- 
cause effective concentrations are lower in situ due to the adsorp- 
tive or stripping characteristics of the reservoir rock. Proper 
design of a polymer-based flood could circumvent these potential 
problems. This is especially true for floods using extracellular 
polysaccharides since these fermentation products are prime nutrient 
sources for bacteria and are very susceptible to microbial degrada- 
tion. 


Table 11. Rheological and Retentive Behavior of Polysaccharide Gl 
in Reservoir Core at 75°F and 16 ft/day 


Retention : 

RF RRF ug/g 1b/acre-foot 
River water (filtered) one, Ika? IG). 3) 95 
Formation water (filtered) DS OZ 2O-7/ 120 
River water (unfiltered) S150) Is SY Sul 180 
Formation water (unfiltered) plugged 1.45 63.8 370 

(RF=8.0 
@ t = LOPV) 


SO 
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1.55 ) 500 ppm of Polysaccharide G1 in Formation Brine (Filtered) 
Run RFO2 Sample CA120 Depth = 2287 ft 
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Fig. 12. Resistance factor of dilute polysaccharide solution from 


reservoir cores (Waltersburg Formation) at 75 + 2°F. 
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eZ 
A) 
f) 
G, 500 ppm Polysaccharide G1 in Formation Brine (Unfiltered) 
7) 
f) 
Cg 
a) 
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OY k| = 334 md PV = 13:60 cc 
op 
(J A) RRF = 1.45 
L/ 
2.0 4.0 6.0 8.0 10.0 12.0 


Pore Volumes Injected 


Resistance factor of dilute polysaccharide solution from 
reservoir corés at 75 + 2°F. 
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02 500 ppm Polysaccharide G1 in River Water (Unfiltered) 


Run ADO3 Sample CA121 Depth = 2287 ft 


a : : kg = 311 md d = 18.5% 
g kj = 334 md PV = 13.60 cc 


Retention = 31.0 ug/g of rock 


4.0 5.0 6.0 7.0 


0.0 


o =! 
0 1.0 2.0 3.0 


Pore Volumes Injected 


Fig. 14. Breakthrough concentration profile of dilute polysaccha- 
ride solution from reservoir cores (Waltersburg Forma-— 
talon) eat 1/6 ted Ee 


Potential microbial stress problems can be alleviated with a 
three phase evaluation program. In the first phase, the predomi- 
nant microbial species in the surface and formation waters are 
isolated. The second phase of the microbiological study is geared 
to determine the deleterious effects of the isolated species. A 
third phase can focus on preventative measures, e.g., use of 
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biocides, for ameliorating these effects without degrading the 
polymer solution itself. 


Isolation of predominant species: Water samples from each 
source were membrane-filtered through 0.45-micron Gelman nucleopore 
membranes to count the colony-forming units (CFU) per ml of sample. 
The following dilution series was filtered in triplicate: 100 ml 
of sample, 10 ml of sample, 10 ml of 1:10 dilution, 10 ml of 1:100 
dilution, and 10 ml of a 1:1,000 dilution. One membrane of each 
dilution was then placed on each of the following nutrient media: 


1. Nutrient agar on 10-mm plate. 


2. API agar plate prepared according to Allred (6). Sulfate 
reducing colonies become black on this medium. 


3. Media-free 500-mm plates overlaid with API agar to ex- 
clude air and therefore select anaerobes. 


Nutrient agar and aerobic API plates were incubated aerobical- 
ly at 20°C for 7 days. Anaerobic API plates were placed in a BBL 
Gas Pak system and incubated anaerobically in an atmosphere of Hp» 
and CO» for 6 weeks, being observed periodically during that period. 
At the end of the incubation period, sulfate reducing CFU/ml (black 
colonies) and total anaerobic CFU/ml were counted. 


A similar procedure was followed to quantify the anaerobic 
sulfate reducers in the formation. Two core samples 2,272 feet 
subsea were cracked open and the interior sections removed asepti- 
cally into a sterile mortar. They were ground with a mortar and 
pestle to a fine sandy consistency. The following procedure was 
performed in quadruplicate: 1 g of sample was transferred to a 
tube containing 9 ml API broth. This was stoppered and flowed back 
and forth four times to mix the inoculum. One ml from this tube 
was then transferred to a second tube of 9 ml API agar and mixed 
as before. The serial transfer was continued until a dilution of 
1:10,000 was reached. The tubes were then capped and incubated at 
20°C over a period of 5 weeks. The tubes were checked each week 
for intense black colonies indicating sulfate reducing bacteria. 


To isolate a representative bacterial population from the 
water samples, 10 representative colonies from each master plate 
were restreaked onto nutrient agar and API agar plates, then in- 
cubated for 3 days at 20°C. They were then transferred to 5°C for 
storage. Single colonies from each of the nutrient and API agar 
plates were then streaked onto nutrient and API agar slants, re- 
spectively, and incubated for 3 more days at 20°C. A second set 
of nutrient agar and API plates was restreaked again from these 
slants to obtain pure cultures. During the experimental period, 
the isolates were restreaked onto fresh slants three times at 
2-week intervals to maintain the freshness of the cultures. All 
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cultures were maintained at 20°C and all microscopy and physiologi- 
cal tests were made with 48- to 72-hour-old cultures. 


The isolates were screened taxonomically according to the 
procedures delineated in Energy Resources’ taxonomy manual. The 
following tests were performed on each isolate: Gram stain, cell 
motility and morphology, c6lony morphology, physiological tests 
for catalase, oxidase and urease activity, carbohydrate utiliza- 
tion, gelatin hydrolysis, cellulose degradation, nitrate reduction, 
0/129 sensitivity, and citrate reduction. All liquid and solid 
media and stains were Difco-Bacto materials. Phase microscopy of 
all organisms was performed using a Zeiss universal-phase epifluo- 
rescence scope. 


Quantitative data for aerobic and anaerobic heterotrophs are 
given in Table 12. Aerobic heterotrophs in the sampled formation 
water, river water, and sediment were numerically significant in 
all three sources. Titers ranged from 60 CFU/ml in the sediment 
and formation water samples to 450 CFU/ml in the river water 
sample. Aerobes are considered to be significant at titers greater 
than or equal to 9 CFU/ml. The anaerobic population was signifi- 
cant (at least 1,500 CFU/ml) in the sediment sample only. 


The taxonomy of the formation and river water samples (Table 
13) showed a typical cross section of aerobic bacteria associated 
with soil and water. Three genera predominated: Bacillus, 
Pseudomonas, and Arthrobacter. Anaerobic sulfate reducers were 
found only in the formation water sample but constituted 40 percent 
of the isolates from this source. Four of the five sulfate reducing 
isolates were Desulfovibrio species; one was Desulfotomaculum spe- 
cies. 


Deleterious effects of isolated species: The second phase of 


the biological investigation was divided into two stages. In the 
first stage, pure cultures were grown on substrates of polyacryl- 
amide B and polysaccharide G2 to determine if these polymers could 
serve as a nutritional base for the microorganisms of the river 
water and of the sediments and water of the formation. In the 
second stage a time study on the effect of bacterial isolates from 
the river water and the formation on the viscosities of dilute 
polyacrylamide (B) and polysaccharide (G2) solutions were carried 
out. Taxonomic screening produced 40 isolates from the Little 
Wabash River and the Waltersburg formation. Microscopic observa- 
tions were performed to verify that these isolates were pure cul- 
tures rather than combinations of organisms. The organisms, in a 
pure culture state, were grown on API agar substrate with and with- 
out polyacrylamide B and polysaccharide G2. 


To assess the capability of each of the isolates to grow on 
polyacrylamide B, biopolymer G2, and a model hydrocarbon mixture 
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Table 12. Colony-forming Units of Bacteria in Formation Water, 
River Water and Sediment 


River Water Sediment Formation Water 
CFU/m1 CFU/ml CFU/m1 
Aerobes 450 100-150 70 
Facultative 310 13,000-26,000 93 
anaerobes 
Strict anaerobes 0 1,000-19 ,000 7 
Sulfate reducers @) 100- 1,000 5 


Note: The aerobic population is significant if more than 9 CFU/ml 
are found; the anaerobic population is significant if more 
than 1,500 CFU/ml are found. 
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Table 13. Storms Pool Unit Bacterial Taxonomy: 


805 


Predominance and 


Distribution of Bacterial Taxa from Sampled River and 


Formation Waters 
aot 


A. Aerobic Heterotrophs in River and Formation Water 


Number of 


Number of Number of Formation 
Taxonomic Isolates from River Water Water Iso- 
Group Total or 239 Isolates (18) Patesss (2) 
Arthrobacter 3 2 if 
Bacillus 7 5 2 
Pseudomonas 7 3) 4 
Micrococcus 5 aL 4 
Sporosarcina 4 3 1 
Aerococcus D, itt iff 
Cornebacterium 3 iL 2 
Flavobacter 1 Ik - 
Mycobacterium 1 = iL 
Leuconostoc al - AL 
Hyphomicrobium sl il _ 
Citrobacter al: - il 
Lactobacillus 1 - dt 
Actinobacillus ik ~ 1 
Paracoccus 1 - ib 
B. Anaerobic Heterotrophs in River and Formation Water 
Number 
Number of of Number of 
Isolates River Formation 
from Water Water 
Taxonomic Total Isolates Isolates Sulfate 
Group (oie 113} @)) (10) Reduction 
Vibrio 5 3) 2 0) 
(facultative) 
Bacillus 5} 0) 5 +a 
(facultative) 
Desulfovibrio 4 0 s Tete) 
Desulfotomaculum iL 0 D +++b 


+a = < 10 percent sulfate reduction activity. 
+++b = > 90 percent sulfate reduction activity 
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(11.1 percent each of Cj 9-Coo n-alkanes) the following procedure 
was used: the test polymer or model hydrocarbon mixture absorbed 
onto 10 percent silica gel was mixed 15 percent weight-to-volume 
with sterilized Makula and Finnerty's (7) river media, plus 1.5 
percent agar. Thorough mixing was accomplished by sonicating the 
mixture 20 minutes in sterile 1-liter polypropylene bottles and 
vortexing for 5 minutes at high speed. This procedure was required 
for homogenizing the medium plus the nutrient source mixture. The 
media were then poured into 100-mm petri plates. Each isolate was 
streaked in duplicate onto each of the three media. The isolates 
were also streaked onto Makula and Finnerty's river media and 15 
percent agar without the supplemental polymer or hydrocarbon source 
to check for the utilization of agar as a sole carbon source. All 
plates were incubated at 20°C for 10 days. Isolates growing on 
test media were transferred from the initial test plate and re- 
streaked onto a second set of plates to ensure that growth on the 
primary plate was not due to nutrient carry-over. Isolates growing 
on test nutrients but not on unsupplemented agar were considered 
confirmed utilizers of the test carbon sources. Positive growth 

of the isolates on the streaked plates was identified by the se- 
quence illustrated in Figure 15. 


Data from the nutrient screen are summarized in Table 14. 
Biopolymer G2 supported extensive growth but polyacrylamide B did 
not. Identification of each of the isolates showed a predominance 
of three taxa that are commonly associated with soil and water. 

Of the isolated from each of the three groups, Arthrobacter, 
Bacillus, and Pseudomonas, one-third to one-half were able to grow 
on biopolymer G2 with 30 ppm formaldehyde, and 60-100 percent were 
supported by the hydrocarbon mixture. Two other isolates, identi- 
fied as Micrococcus and Citrobacter species, were able to utilize 
the hydrocarbon mixture only. Only one isolate was able to uti- 
lize the polyacrylamide B. The isolate has tentatively been iden- 
tified as a Micrococcus species, but such nutritional flexibility 
is unusual with this species and the isolate's identity should be 
re-examined. 


The testing procedure used here is subject to some variation 
due to the difficulty in handling the polymers in emulsion/broth - 
form. Polyacrylamide B appeared able to degrade the agar support 
matrix into which it had been mixed, causing the media to turn 
into a sticky slime which would not adhere to the test plate after 
3 or 4 days' incubation. This condition occurred erratically 
among the test plates and made it difficult and in some cases im- 
possible to determine if growth occurred. Apparently this was not 
due to bacterial degradation, because the condition was originally 
discovered in uninoculated plates. After 4 weeks of incubation, 
fungal growth was observed on several of the polyacrylamide B 
plates. The fungus may have been introduced to the plates as a 
contaminant or may represent part of the microflora. Further in- 
vestigation of this fungus is under way. 
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Fig. 15. Screen for nutritional capabilities of isolates from for- 
mation and river waters. 


In the second stage of the preliminary survey of the bio- 
degradation of biopolymers and copolymers, viscosity measurements 
were used as the criterion for polymer degradation. Large molec- 
ular weight carbon compounds, such as the polymers in this study, 
may be degraded by direct bacterial metabolization and by co- 
metabolism, in which the presence of a supplemental nutrient source 
enables the bacteria to proliferate and degrade the polymer. In 
this way, compounds which initially are refractory to biodegrada- 
tion may be degraded. 


A test organism was inoculated into the biopolymer and the 
copolymer with four nutrient supplement combinations. Viscosity 
readings were taken at 2~-week intervals over a period of 6 weeks. 
The organism chosen was originally isolated from the formation 
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Table 14. Nutritional Capabilities: Growth on Polyacrylamide B, 
Polysaccharide G2, and Model Hydrocarbon Mixture 


Number of Colonies Growing 


Taxonomic Polysaccha- Polyacryl- Hydrocarbon 
Group tide 2° amide B Mixture 
Arthrobacter al 0 2 
Bacillus 4 0 7 
Pseudomonas 2 0 6 
Micrococcus 0 ik 1 
Citrobacter 0 0 ub 


“contains 300 ppm formaldehyde. 


water, and has been identified as a Pseudomonas sp. or isolate 91. 
In addition a negative control organism also isolated from the sur- 
face waters was tested. This species is identified as isolate l. 
Each organism was grown on a fresh slant culture and then suspended 
in a phosphate buffer. This cell suspension was inoculated into 
the following nutrient-biopolymer combinations with 500 ppm active 
polymer product: 


1. Unsupplemented polymers. 

Polymers + 5 percent hydrocarbon. 

Polymers + 5 percent (cas-amino acids and glucose). 
Polymers + 5 percent (hydrocarbon + cas-amino acids 
and glucose). 


fF WN 


The inoculated mixtures were placed in a shaker bath at 200 
rpm at room temperature; 15-ml samples were aseptically removed 
and placed in sample vials each week for viscosity readings. A 
set of uninoculated mixtures was also incubated as controls. This 
test series was the same for each organism and polymer. The inocu- 
lated mixtures were placed in a shaker bath at 200 rpm at room 
temperature; 15-ml samples were aseptically removed and placed in. 
sample vials each week for viscosity readings. A set of uninocu- 
lated mixtures was also incubated as controls. This test series 
was the same for each organism and polymer. 


The viscosity-time relationships are plotted in Figures 16 
through Figure 23. The viscosity-time relationships for the bio- 
polymer and copolymer controls and the inoculated polymer substrate 
are plotted in Figures 16 and 17. The extreme degradation of the 
copolymer in Figure 16 at the first 2-week interval is undoubtedly 
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Fig. 16. Viscosity-time relationships for unsupplemented polymers 
inoculated with isolate 91. 


caused by hydrolysis which is accelerated in the presence of high 
concentrations of oxygen. The high concentrations of oxygen result 
from the constant aeration which was required to remove fermenta- 
tion gases such as C09, Hj, etc. Further reduction in viscosity is 
experienced on inoculating with isolates 91 and 1. These isolates 
act as biological catalysts which accelerate the parting of un- 
saturated and double bonds by free or combined oxygen. The reduc- 
tion of viscosity is severe (~ 50%) and constant for the polyacryl- 
amides. In the case of the biopolymers, cometabolism occurs and 
the viscosity increases as secondary polymers are formed. There 

is a lag time in the viscosity increase because of the finite 
residence time for secondary enzymatic action, which tags broken 
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Fig. 17. Viscosity-time relationships for unsupplemented polymers 
inoculated with isolate 1. 


ends of the hydrocarbon chains, to take place. The hydrocarbon 
nutrient supplement is used to simulate the hydrocarbon food source 
that are naturally available in the reservoir. This supplement 
depresses the viscosity control of the biopolymer and the copolymer 
as illustrated in Figures 16 and 17. The extreme depression of the 
viscosity of the copolymers with cas-amino acids and glucose in 
Figures 20 to 23 most probably results from acid hydrolysis. Note 
that viscosity of the biopolymer is not as susceptible to acid 
hydrolysis and consistently exhibit a minimum with an increase in 
viscosity approaching, and sometimes exceeding, the control vis- 
cosity after a two week period. 
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Fig. 18. Viscosity-time relationships for polymers plus 5% hydro- 
carbon inoculated with isolate 91. 


Preventative measures: Three biocides are being evaluated to 
ameliorate microbial effects without degrading the polymer solution 
itself. The three biocides are acrolein, formaldehyde, and Visco 
3991 (2,2-dibromo-3-nitrilopropionamide). he biocides are evalu- 
ated in terms of compatibility with the xanthan gum polymer and 
ability to restrain bacterial growth. 


The polymer compatibility was evaluated in terms of viscosity 
reduction and filterability of dilute polymeric (500 ppm) solutions. 
The viscosity reduction curves are plotted in Figure 24 for dif- 
ferent concentrations (10, 50, and 100 ppm) of formaldehyde. The 
curves indicate that viscosity is reasonably insensitive to con- 
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Fig. 19. Viscosity-time relationships for polymers plus 5% hydro- 
carbons inoculated with isolate 91. 


centration of biocide below the 50 ppm level of formaldehyde and 
very sensitive (as much as 30-70 percent increase) to concentra- 
tion above the 1090 pom level; similar curves for acrolein and 
Visco 3991 indicate that viscosity is insensitive (less than 2-10 
percent increase) to concentrations of acrolein below 100 ppm, and 
that viscosity is only fairly sensitive (10-30 percent increase) 
to Visco 3991 above 10 ppm and below 100 ppm. The filterabilities 
of the solutions appear to decrease with increasing concentrations 
of biocide, as illustrated in Figures 25 and 26 for formaldehyde, 
but there was no consistent pattern to the decrease in filterabil- 
ity for any of the biocides examined. 
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Fig. 21. Viscosity-time relationships for polymers plus 5% glucose- 
amino acids inoculated with isolate l. 
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Pig. 24. Percent change in viscosity as a function of rpm for 
polysaccharide Gl with formaldehyde. 


The impact of each biocide on microbial populations, together 
with the compatibility studies, can be used to select the most ef- 
fective biocidal treatment. The biocides are first evaluated for 
their ability to inhibit metabolic activity at the time of maximum 
growth activity; this maximum time is determined from growth curves 
of the microbial populations of the formation and river wastes. 
Growth curves are then measured for the selected biocide(s) at dif- 
ferent concentrations to determine the optimum level of biocide 
required and the period necessary for alternate slugging of the 
injection waters. The biocidal treatment is then determined from 
the growth-concentration curves and the compatibility studies. 


CONCLUSIONS AND SIGNIFICANCE 


C The polyacrylamide copolymers are much more viscous than 
the polysaccharide biopolymers at equivalent concentrations 
of fresh water, but the viscosities of these copolymers are 
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26. Filtration time curves for polysaccharide Gl with form- 


aldehyde. 


much more sensitive to saline water than the biopolymers. 
The viscosity of the copolymers degrades by an order of 
magnitude on increase of the salt concentration to 10,000 
ppm. Analysis of the sensitivity of mobility control 
agents to rotational shear suggests that some permanent 
loss of viscosity would occur for the polyacrylamide, but 
not the polysaccharide, at the well-bore. 


The RF and RRF of copolymers can be correlated with screen 
factors. The high values of resistance factors of co- 
polymer E and the relative ease of injection could have 
resulted from the extended length and linearity of these 
polymeric molecules. The long, linear chains of polymer 

E are the direct result of the gamma radiation manufactur- 
ing process for gelling polymer E into aqueous logs with- 
out leaving residual traces of cross-linking agents as 

is done in most polymer emulsion manufacturing processes. 


Polyacrylamides such as C and D which had high electro- 
chemical degradation factors, exhibited plugging behavior 
and low resistance factors in the reservoir cores which 
were presaturated with formation brine. 
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Polysaccharide G2 had an unusually high residual resistance 
factor (9.3) and retention (321 lbs/acre-foot) in an 80/20 
mix of river/formation waters. The high retention and 
resistance factor resulted from mechanical entrapment of 
microgels (reversible complexes of divalent cations with 
polysaccharide molecules) formed in the 80/20 mixture of 
river and formation waters. Further testing in 100% for- 
mation water indicated higher retention (542 1bs/acre-foot) 
in the reservoir cores. Correspondent increases in milli- 
pore filter ratios and filtration times were observed to 
occur with increase of univalent and divalent electrolytes. 


The surface and formation waters contained a large cross 
section of taxonomic groups. Three genera predominated: 
Bacillus, Pseudomonas, and Arthrobacter. Anaerobic sul- 
fate reducers were found in the formation water. They 
were of the Desulfovibrio and Desulfotomaculum species. 


All sulfate-reducing bacteria were found in the forma- 
tion water and sediments. This indicated a close asso- 
ciation of the sulfate reducers with the oil-—bearing 
formation. This substantiates previous evidence that 
the subsurface water microflora associated with oil 
deposits contain extremely high concentrations of sul- 
fate reducers (8) even though there was a noted absence 
of sulfate reducers in the surface waters of the southern 
Tl imons von lenrel ds) pane lhemsuilitahe sReducenom rounded 
the sediments were all strict anaerobes and thus capable 
of living in the reducing environment of the reservoir. 
The sulfate reducers found in the sediments were orders 
of magnitude greater than the sulfate reducers found in 
the formation waters. These sulfate reducers could be 
responsible for the 2.4 ppm of H»S found in the for- 
mation waters. The quantity of H»9S in the formation 
water and the degree of corrosion could be accelerated 
if the polymers injected serve as nutrient bases for 
these sulfate reducers. 


It was determined that the polysaccharide molecules 
supported growth of a large percentage of isolates 

from the formation whereas the polyacrylamide molecules 
supported growth of only 2 percent of the isolates. 
Viscosity degradation occurred for both copolymers and 
biopolymers. Degradation of copolymers occurred mainly 
by oxygen and acid hydrolysis which was catalyzed by 
microbial action. The biopolymers experienced some 
degradation with subsequent enhancement of viscosity due 
to secondary enzymatic action which causes the cometabolic 
production of secondary polymers. 
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o The viscosity of polysaccharides increases with increas- 
ing concentration of the biocides. This increase is 
attributed to cross-linking of the polysaccharide mole- 
cules. There were correspondent increases in millipore 
filtration ratios and filtration times on the addition 
of biocides or decrease in filterability. A methodology 
was established to select the most effective biocide on 
the basis of compatibility with the polymer and the 
ability to retard metabolic activity in the microflora 
of the surface and formation waters. 


In addition to the above, the potential of a bacterial problem 
in the reservoir appears acute because of the species which were 
isolated in API shaker tubes and which were microphotographed in 
the SEM work on random samples of reservoir rock. This SEM micro- 
photograph is illustrated in Figure 27. The rods shown in the 
microphotograph are very similar to the photomicrographs of bacteria 
[0.3 to 0.5 micron diameter by 0.7 to 2.0 micron length (10)] asso- 
ciated with Kelzan M.F. biopolymer. Such bacteria can cause well- 
bore impairment and reduced injectivity (10); 


20KV K16000 1U @14 16168 MCZ. 


Fig. 27. Photograph of formation sediment (x 10,000 magnification) 
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The dynamic adsorption of different polyacrylamides in un- 
consolidated porous media is discussed. The effect of average 
molecular mass, degree of hydrolysis, and concentration of poly- 
mers, quality and quantity of foreign electrolytes, wettability, 
chemical composition, and pore structure of porous media on ad- 
sorbed amount was studied. The influence of alcohol, surface 
active agents and alkaline materials is given for practical appli- 
cation of micellar-polymer, caustic-polymer methods. 


The phenomena observed are explained by the actual vroperties 
and structure of random coils and solution and by molecular and 
molecule-wall interactions. On account of simultaneity of the ad- 
sorption and the mechanical retention, an exact mathematical for- 
mulation of the adsorption phenomena in consolidated porous media 
sy @bueeakewule. 


INTRODUCTION 


At the present time the improvement of areal and vertical 
(volumetric) sweep efficiency takes a great deal of room in secon- 
dary and tertiary oil recovery. One of the widely used and per- 
spective methods is mobility control by diluted aqueous solutions 
of different polyacrylamides (1,2). In the middle of the sixties 
some authors (3,4) proposed that the viscosity enhancement and the 
non-Newtonian flow behavior of the solutions were responsible for 
the reduction of phase mobility. Mungan (5,6), Gogarty (7), Dauben 
and Menzie (8) have pointed out, however, that the sorption phe- 
nomenon plays a decisive role in the flow characteristics of the 
polymer solutions and carrier phases. In the papers devoted to 
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clarification of displacement mechanism (9-14) the polymer adsorp- 
tion is considered to be one of the most important factors which 
determines the flow properties of fluids in reservoirs (15). 


Although many valuable statements concerning the adsorption 
of the polymers in porous media exist until now a detailed and 
comprehensive paper has not appeared. In this paper investigations 
of adsorption phenomena carried out during the past decade in the 
Petroleum Engineering Research Laboratory of the Hungarian Academy 
of Sciences will be summarized (16,17). 


EXPERIMENTAL 


The studies were focused on hydrolyzed and unhydrolyzed poly- 
acrylamides produced specifically for polymer flooding. The aver- 
age molecular mass and degree of hydrolysis were between 0.7x10” - 
4,8x10° and 0-40%, respectively. To measure the dynamic adsorption 
an unconsolidated porous model was made of silica sand having a 
particle size between 100-200um. Other properties of the model 
were as follows: 


length Dares cm 
diameter 4.9 cm 
porosity 38-42 % 

permeability 1.7-2.0um2 


The specific surface area of the adsorbent was 0.18 m@e71 by 
krypton adsorption and 0.1 m“g ~ measured by mercury permeometry. 


The polymers were dissolved by the conventional technique and 
the filtered solutions were injected through porous model with a 
linear flow rate of 150 cm per day. The polymer concentration of 
the samples was determined by turbidimetry. The adsorbed amount 
was calculated on the basis of the saturation curves. 


GENERAL FEATURES OF STATIC ADSORPTION OF POLYACRYLAMIDES 


The static adsorption of different polyacrylamides was studied 
in detail by Mungan (6), Smith (9), Schamp and Huylebroeck (18) ,- 
Szabo (12), Dawson and Lantz (19). Their conclusions can be sum- 
marized as follows: 


1. The adsorption of unhydrolyzed and partially hydrolyzed 
polyacrylamides at different adsorbent can be charac- 
terized by Langmuir I isotherms. 


2. The sorption phenomena show high irreversibility which is 
attributed to the hydrogen bridge bonds and the chemical 
linkages between carboxyl groups and multivalent cations 
of the surface (20). 
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3. A great difference exists in the adsorbed amount measured 
under static and dynamic conditions. 


The latter statement is explained by the facts, among others, 
that 


a) the specific surface area of consolidated and unconsoli- 
dated porous materials having the same particle size 
distribution 4% different, and 


b) the distribution curves characterizing the pore size and 
the actual hydrodynamic diameter of the molecules usually 
overlap each other and, therefore, the surface area is 
accessible for the polymer molecules only in part (19,21). 


As a result of point 2, the adsorption is accompanied by 
dynamic and irreversible entrapment of the molecules when a natural 
porous core or model is flooded by polymer solutions. This makes 
the application of a compatible polymer-model system imperative in 
adsorption studies. In the course of our investigations, this 
requirement was fulfilled as far as possible. Despite all our 
efforts, however, it should be emphasized that the mechanical re- 
tention can have a share in the adsorbed amount if the polymer 
concentration is over the critical value. 


RESULTS AND DISCUSSION 


Effect of average molecular mass and degree of hydrolysis: 
Martin and Sherwood (22) published data with regard to the effect 


of hydrolysis. According to the experimental results, the amount 
adsorbed shows a declining tendency as the degree of hydrolysis 
increases. No other quantitative data can be found in the litera- 
ture relating to the effect of the molecular mass and the degree 
of hydrolysis. 


In our experiments the polymer concentration was 0.5 gdm7> 

and the solutions also contained sodium chloride to simulate the 
ion strength of conventional connate waters. Figures 1 and 2 show 
how the adsorbed polymer amount depends on the average molecular 
mass and the degree of hydrolysis, respectively. On the basis of 
the curves shown in Figure 1 the adsorbed amount slightly decreases 
with the molecular mass. The relative position and tendency of the 
curves predict what Figure 2 evidently show, namely the degree of 
hydrolysis to a large extent influences polymer adsorption. 


The interpretation of the experimental results can be accom- 
plished similarly to Willhite and Dominguez (15,23) in terms of 
structure of the solutions and random molecular coils. Results 
from dynamic tests for a number of polymers a relation was found 
between the adsorbed amount and the viscosity, specifically, the 
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Fig. 1. Dependence of amount adsorbed on average molecular mass. 
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Fig. 2. Dependence of amount adsorbed on degree of hydrolysis. 


intrinsic viscosity of the polymer solutions. Because macroscopic 
properties are connected with the properties of the random coils, 
correlations between the adsorbed amount, the equivalent diameter, 


and the density of the molecules prove to be logical (Figures 3 
ararél 4) - 


The equivalent diameter of the random coil in a "good" solvent 
is proportional to cube-root of the average molecular mass and the 
intrinsic viscosity. In contrast, the density of the coils changes 
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very little. At least one order of magnitude difference exists in 
the density of unhydrolyzed and partially (30%) hydrolyzed poly- 
acrylamides. Our final conclusion is that as a result of the in- 
crease in the average molecular mass and the degree of hydrolysis, 
the polymer retention in the porous media and hence the adsorbed 
amount decreases because the area per molecule increases; this is 
also accompanied by a significant lowering in the coil density. 
Considering that the coil density depends mainly on the number of 
carboxyl groups on the chain, the polymer adsorption is determined 
primarily by the degree of hydrolysis and only secondarily by the 
average molecular mass of the polyacrylamides. 


Effect of polymer concentration: The polymer flooding is 
usually carried out by polymer solutions of 0.2-1.5 gdm7>, Taking 
into consideration that under static conditions the adsorbed amount 
does not depend on the polymer concentration over 0.1-0.2 gdm-3 
(12,15), the dynamic adsorption was studied in distilled water and 
aig 2 gdm~3 NaCl solutions while their polymer content changed be- 
tween 0.1-2.0 eda 3, 


Dependence of the adsorbed amount on the polymer concentra- 
tion is given for a typical unhydrolyzed and a partially hydrolyzed 
polyacrylamide in Figures 5 and 6. Apart from the fact that the 
absolute values indicate considerable differences, it is charac-— 
teristic that n increases with the polymer concentration. Within 
this general tendency, as it appears from these curves, the steep 
increase occurs after a definite polymer concentration in all 
cases. Before this critical concentration--similar to the equil- 
ibrium section of static adsorption isotherms-—-the adsorbed amount 
does not depend significantly on polymer concentration. Inciden- 
tally, the critical polymer concentration in 2 gdm-3 Na¢l is in- 
creased twofold over values measured in distilled water for both 
polymers. 


These characteristic changes cannot be explained by the change 
of the equivalent diameter and the density of the random coils, 
because these molecular parameters shift only slightly with the 
polymer concentration. Rather the structure of the solutions 
changes with polymer concentration, and the solutions become grad- 
ually weaker in free solvent. According to the curves shown in 
Figure 7, the critical polymer concentration is 0.57 gdm-3 for un= 
hydrolyzed polymer and 0.14 gdm73 for partially hydrolyzed poly- 
acrylamide. Over these concentrations the solutions can be re- 
garded to be oversaturated. In NaCl solutions the critical values 
modified to 2 gdm-3 and 0.95 edm-3, respectively. 


Willhite and Dominguez (15,23), referring to unpublished data, 
reported that molecular interactions and aggregation can take place 
long before the critical polymer concentration. Consequently a 
real solution does not exist in the vicinity of the critical con- 
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Fig. 7. Dependence of gel concentration on polymer concentration. 


centration, but the whole solution is in a gel state. In this way 
aggregates rather than single molecules adsorb on the surface. As 

a result of particle size expansion, however, the accessible pore 
volume and surface decrease and simultaneously the mechanical en- 
trapment of the aggregates starts in the porous system. Summarizing 
the experimental results it can be concluded that the steep tenden- 
cy of the n-c olymer relation in the vicinity of the critical poly- 
mer concentration can be attributed fundamentally not to adsorption 
but to filtration phenomena. 


Effect of inorganic electrolytes: In the previous section 
some statements have already been made concerning the salt effect. 
Comparing Figures 5 and 6 higher polymer retention was found in 
2 gdm-3 NaCl solution than in ion-free, distilled water. On the 
basis of detailed studies, the dependence of the amount adsorbed 
on NaCl concentration is shown in Figure 8. Although one order of 
magnitude difference exists in n, the scale increments at the right 
and the left side of Figure 8 are the same. Thus not only the 
trend of the n-cy,c; relation is determined but also its measure- 
ment. Adsorption of hydrolyzed polyacrylamides is more sensitive 
to the salt concentration than the unhydrolyzed polymers do. 


Some valuable data are available in the literature concerning 
the effect of different inorganic salts present in the natural 
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Fig. 8. Dependence of amount adsorbed on sodium chloride concen- 
tration. 


connate waters on polymer adsorption (9-11,13,24). According to 
unequivocal opinions, the adsorbed amount increases with the salt 
concentration. The cause of this trend, however, is rarely dis- 
cussed. In our earlier publication it was shown that the mono- 
and bivalent cations repress the dissociation of the carboxyl 
groups, and hence the contraction of the random coils is respon- 
sible for the unfavorable deterioration in the rheological proper- 
ties of the polymer solutions (25). To present additional data 
the equivalent diameter and the density of the molecular coils are 
plotted against the NaCl concentration (Figures 9 and 10). 


The coil size and density first change quickly with the salt 
content, then nearly reach equilibrium, and probably the structure 
of the solution is not modified over 2 gdm~3 NaCl concentration. 
The structure of the polymer solutions is influenced by cations 
to a higher extent in case of partially hydrolyzed polyacrylamides 
than in case of unhydrolyzed polymers, while the role of the aver- 
age molecular mass is negligible (26). This answers the question 
why the adsorbed amount shows a relatively high sensitivity for 
salts in solutions of hydrolyzed polyacrylamides. 


In connection with the experimental findings the question 
should be raised of mechanical entrapment which can also contribute 
to polymer retention in porous media if high polymer concentration 
is used. In our experiment the polymer concentration was 0.5 gdm~3 
and that corresponds to an oversaturated state in case of partially 
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hydrolyzed polyacrylamide. The excess retention cannot be esti- 
mated, but Szab6 (13) concluded that the mechanical retention de- 
pends on the salt concentration in the same way as the adsorption 
does. 


The quality of inorganic electrolytes is not indifferent to 
polymer adsorption. Bi- and multivalent cations produce 10-30% 
higher coil contractionythan the alkaline metals (25). Therefore, 
in the presence of multivalent metal salts, the amount adsorbed 
gradually increases in accordance with the dissociation state of 
the ionizable groups and the valence state of the cations. In 2 
gdm~’ CaCl» solution, for example, the adsorbed amount was 18% 
higher than in 2 gdm~3 NaCl solution under otherwise identical con- 
ditions. After all, the salt effect is contradictory from the 
point of view of polymer flooding. On one hand, the inorganic 
salts increase the polymer adsorption in the porous system, and on 
the other they stabilize the structure of the polymer solution. 

The salt content of the connate water is usually above 1-2 edm~>, 
and that is sufficiently high to decrease the gel concentration 
below 100%. The conventional polymer flooding can be carried out 
in compatible polymer-rock system, where the permeability reduction 
is determined primarily by the interactions between the single 
molecules and the wall. 


Effect of wettability: Until now little has been said about 
the dependence of the adsorption of polyacrylamides on the wet- 
tability. Smith (9) has found, that the wetting character and the 
presence of oil do not effect the chemisorption of the polymers. 
On the other hand, a decrease in the quantity of polymer retarded 
in the presence of oil was reported by Mungan (5,6). Jennings 
et al. (27) agree with this, although they added that the mobility 
reduction of the fluids is independent of the polymer losses. Also 
worthy of attention are the works of Sarem (10) and Dominguez and 
Willhite (15,23), who have suggested for example that on a low 
energy Teflon surface the specific adsorption of acrylamides is 
much less than in reservoir rocks. The cause of the contradictions 
may be attributed to the fact that no differentiation is made by 
the authors as regards the type of retention (physical or chemical 
sorption). On the other hand, they are disposed to talk about a 
mechanical entrapment when, in fact, a sorption is concerned. In 
order to elucidate the question, we have made detailed investiga- 
tions to determine the role of the wetting character (2,16,17). 
For the study unconsolidated silica sands having different surface 
character were used. The curves characterizing the saturation of 
the porous models are given in Figure 11, while the measured ad- 
sorbed amounts are given in Table l. 


From the data listed in the liquid taken off the oil-wet 
model, the polymer appears directly in the initial (injection) con- 
centration; thus, no adsorption can be observed. From this it 
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Table 1. Adsorption of an Unhydrolyzed, Low Molecular Mass (10°) 
Polyacrylamide on Silica having Different Surface Charac- 
teristics. 


Adsorbed Amount 
Surface Character 


n, g/g 
Oil wet (siliconized) @) 
Intermediate (siliconized to 20%) 0.65 * 107° 
Natural 1.90 * 107 
Water wet (extracted) 6.87.° 107° 


follows that in an oil-wet reservoir, or on an oil film, the sorp- 
tion of polyacrylamides is zero. On the other hand, the greatest 
retention occurs on the absolute water-wet model, and the value 
obtained is about three times as great as that measured on a 
natural silica surface. On the silica model, which contains the 
mixed adsorbent (20% of siliconized silica), the amount adsorbed 
is situated, according to the expectation, between the specific 
loss obtained on the natural model and that obtained with the 
model having hydrophobic character. 


As a final result, it has been proven that the adsorption of 
polyacrylamides on reservoir rocks depends to a great extent on 
the wettability. In all probability no difference occurs whether 
the intermediate or oil-wet character of the rock surface is a 
result of adsorbed monolayer or thick oil film. A certain paral- 
lelism can be observed between the adsorption of polyacrylamides 
and methylene blue on a rock surface. By this far-reaching analogy 
a new methodological possiblity for semi-quantitative determination 
of the wetting character in reservoir rock is afforded, using the 
polymer adsorption (29) similar to the dye adsorption method of 
Holbrook and Bernard (28). 


From the point of view of flow characteristics of reservoir 
fluids, the wettability in the reservoir is of primary importance. 
It seems to be established, on the basis of the fundamental works 
of Brown and Fatt (30), Johansen and Dunning (31), Owens and Archer 
(32), Mungan (33), and Salathiel (34) that the wettability in a 
reservoir is of heterogeneous character, that is, the small pores 
and consolidation points are water wet, while the inner surface 
of the large pores are oil wet. As a result of this, it may be 
expected that the sorption distribution of the polymer injected 
into the reservoir will likewise be characterized by heterogeneity. 
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Fig. ll. Saturation curves for silica models having different 
surface character. 


Thus, the flow behavior of the polymer solutions have to change 
considerably between wide limits: in the large pores only the 
viscosity enhancement will manifest itself, while the viscosity 
enhancement and the decrease in the apparent permeability will 
operate jointly in the small pores. 


Effect of molecular interactions and additives: In the reser- 
voirs the polymer solutions mix with different chemicals injected 
before and after the polymer slug. In this way the interaction 
between surface active agents and polymers or between caustic mate- 
rials and polymers is unavoidable at the disintegrated fronts if 
combined flooding technology is used in practice. These chemicals, 
which can also be in the polymer solutions, have an influence on 
the wettability and the solution structure. 


It is well known that the polyacrylamides are prone to form 
hydrogen bridges with very different compounds. As a characteristic 
example, the effect of isopropyl alcohol (IPA) will be shown here. 
This alcohol is used widely as a solubilizing agent in micellar 
solutions. The dependence of the amount adsorbed on alcohol con- 
tent of the solutions can be seen in Figure 12 for hydrolyzed and 
unhydrolyzed polymers. For the sake of consistent explanation, 
the equivalent diameter and the density of the random coils are 
plotted against the IPA concentration in Figure 13. The trend of 
the curves in Figure 12 can be explained by different facts. First, 
the alcohols can influence the wettability of the adsorbent. Water- 
wet silica was used here, therefore this possibility must be re- 
jected. (In case of intermediate or oil-wet porous media, the 
situation is not so simple.) Second, alcohols are not as good 
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Fig. 12. Dependence of amount adsorbed on isopropyl alcohol con- 
centration. 
Cpolymer 10 gdm3 
“ 
ot 
hod 3,5x106 
Hyd. 40 % 
0 10 20 30 40 50 60 
Cre vol % 
PalicewelSrs 


Dependence of equivalent diameter and density of random 
coils on isopropyl alcohol concentration. 
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solvents as water is, and this appears in contraction of the mole- 
cules (Figure 13). And at last, not only water but alcohol and 
water-alcohol (4:2) aggregates also take part in solvation of the 
polymer molecules. This leads to enlargement of the hydrodynamic 
diameter of the polymer molecules, which can promote mechanical 
retention. In our example the latter two facts result in an in- 
creasing tendency of Pie Soacne adsorbed with alcohol concentra- 
tion. é 


The effect of surface active agents and caustic materials is 
also complex. Such investigations are under way, and therefore 
our preliminary results will be summarized qualitatively here. 


The effect of alkaline materials can cause wettability altera- 
tion if the rock surface is intermediate or oil-wet. The enhanced 
cation concentration influences the size and density of the random 
coils in a known way. Both facts increase the amount adsorbed. 

The effect of pH on chain structure (post-hydrolysis) should be 
taken inte consideration if an unhydrolyzed polyacrylamide is 
studied. But very small difference was found between unhydrolyzed 
and partially hydrolyzed polymers in this respect. 


Nearly similar statements can be made for surface active 
agents. Petroleum sulfonates and alkyl aryl sulfonates were in- 
vestigated in detail. In a water-wet porous system the amount of 
adsorbed polymer decreased considerably. In the oil-wet model, 
however, the polymer retention increased to a certain degree. 
This calls our attention to the importance of the orientation of 
surface active agent in the adsorbed layer. 


If the polymer solution also contains surface active agents 
an additional factor can be the interaction of the polymer and 
tensid molecules and the mutual adsorption of the molecules and 
micelles. To determine how these factors influence the dynamic 
adsorption of polymers in porous media, more work is required, and 
we face the problem that all special natural system must be treated 
individually. 


Effect of chemical composition and structure of porous media: 


During the past few years the effect of chemical composition of 
rocks has been studied intensively. Sandstones, carbonates, silica 
and different clay minerals were used as adsorbents (6,9,12,18,19, 
35). The conclusions do not show any divergence. To give a com 
prehensive picture of the adsorption of polyacrylamides, some data 
are given in Table 2 for the effect of adsorbent type on amount of 
different polymers adsorbed. 


The measured amount adsorbed on carbonates and clay minerals 
is always higher (sometimes by orders of magnitude) than on sand- 
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Table 2. Effect of Rock Type on Adsorption at Different Polyacryl- 


amides 
Polymer Adsorbed Amount 
M Hyd. n, g/g 
7 Carbonate Sialcuea 

10° 0 35650 1002 129010. 
eoaeatiis 40 1 BPO O98 ethos 
weqiun Sow oe 105 1163°* 100 
hich fen wis een Our 09N On) 


stones. The difference is explained by two obvious facts. In the 
interaction of the polymers with the multivalent cations on the 
rock surface, a compound is formed which dissociates very slowly 
(9). As mentioned earlier, the bi- and multivalent cation decrease 
the equivalent diameter of the molecules which results in an in- 
crease of the adsorbed amount. Thus, we have to agree with the 
statement of Jewett and Schurz (36) and many others, that the 
chemical heterogeneity of the reservoirs considerably influences 
the adsorption of the polyacrylamides. 


The structure of the adsorbed polymer film and that which is 
inseparable from this, the structure of the porous media, is de- 
bated in the literature. Some authors (12,37,38) regard the ad- 
sorbed polymer film to be a monolayer remarking, however, that the 
coverage is usually higher than unity. Deviations are attributed 
to different effects (39,40). In our case, coverage was calcu- 
lated for the equilibrium sections of the curves in Figure 5. In 
contrast to the data in the literature cited here, 2.21 was found 
for the unhydrolyzed and 1.98 for the partially hydrolyzed poly- 
mers. These values increase with polymer concentration. The 
phenomenon is more sensitive if consolidated porous system is used 
instead of unconsolidated silica bed. The structure of a natural 
sandstone core (Csongrad-Dél formation, South-Hungary) provides a 
good example, as seen in Figure 14. 

The permeability of the core is evil um? determined by mer- 
cury porosimetry. This value is relatively low but not too rare. 
From the pore size distribution, 80% of the pore volume consists 
of pores having a diameter greater than 107A, while 80% of the 
surface area (7,10 cm“g”~) is made up of pores having a diameter 
smaller than 10°A. This surface area is not accessible even to 
the low molecular mass unhydrolyzed polymer. Although the polymer 
solution flows only in the large pores, which comprise 20% of the 
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Fig. 14. Dependence of surface area and pore volume on pore radius. 


surface area, the mechanical entrapment is high, so that the cal- 
culated coverage far exceeds unity. As a result of the simulta- 
neous phenomena (sorption and mechanical entrapment), description 
of the dynamic adsorption of polyacrylamides in porous media is 
not possible by exact mathematical formulas (41). 


THE ROLE OF ADSORPTION IN FLOW BEHAVIOR OF POLYMER SOLUTIONS 


The papers devoted to analysis of adsorption phenomena also 
usually gave a general scope for flow behavior of the polymer 
solutions. The important role of adsorption phenomena on flow of 
mobility controlled phases will be presented in an oil and a water- 
wet system. 


The requirements for the presentation of the general flow 
characteristics of polymer solutions were best met by high molec- 
ular mass (3.5*106) hydrolyzed (40%) polymer. Concentration of 
the polymer was 100 ppm, viscosity of the solution under laboratory 
conditions (24°C) was 3.05 mPas. Taking into consideration the 
rock's permeability (59*1073 and 62°10-3 ym2) and the equivalent 
diameter of the random coils (2600A), the polymer-rock system may 
be regarded as compatible. In the course of the experiments, com- 
parison is made between the flow phenomena observed in the porous 
cores considered to be water wet and oil wet, respectively. When 
the permeability was determined by "connate water" (2% sodium 
chloride solution), the injection sequence of the fluids was as 
follows: 1) polymer solution, 2) connate water, and 3) distilled 
water. 


The difference between the two systems has been determined 
for each flow parameter, but Figures 15, 16 and 17 show data for 
resistance factors, residual resistance factor, apparent perme- 
ability and viscosity ratio only. In our figures the curves char- 
acterizing the water-wet cores are represented by solid lines, and 
those characterizing the oil-wet cores, by dotted ones. 
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Fig. 15. Dependence of resistance factor and residual resistance 
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Fig. 17. Dependence of viscosity ratio on fluid volume injected 
into porous media. (1, polymer solution (0.5 gdm-3); 
2, connate water; 3, distilled water.) 


In the water-wet model well-known trends may be observed. On 
the other hand, in the oil-wet system a substantial change takes 
place only in the case of polymer solution while the mobility of 
either the connate water or the distilled water does not exhibit 
any substantial difference as compared to the initial state. 


On the basis of Figures 15-17, it may be stated that in an 
oil-wet system the flow of the polymer solution advancing connate 
water and distilled water takes place with its initial viscosity 
and mobility; further, that in the porous media no apparent per- 
meability reduction occurs. With knowledge of the close relation-— 
ship between the polymer adsorbed on the rock surface and the flow 
characteristics, this phenomenon may be traced to the absence of 
an irreversible gel layer over the pore surface. On an oil-wet 
surface the quantity of polymer bound by chemisorption, regardless 
of the type, is zero, and thus the "sweep" effect of the carrier 
phase is also perfect. 


As regards industrial application of the method, the phenome- 
non entails undesirable consequences. In an oil-wet reservoir, an 
identical hydrodynamical effect can be approximated only if the 
apparent viscosity exhibited in the water-wet medium is compensated 
by an increase in the laboratory viscosity of the solution employed. 
This actually requires the use of 3-6 times as much of polymer. 
Even then, the permanent decrease in the apparent permeability and 
the permanent improvement of the flow characteristics of the car- 
rier phase cannot be guaranteed. In practical application of the 
polymer flooding, the trend of the compromises, namely the tech- 
nology and its parameters therefore should be decided on the basis 
of economic considerations. 
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CONCLUS LONS 


The dynamic adsorption of different polyacrylamides was stud- 
ied in unconsolidated porous media and the results can be summarized 
as follows: , 


tbe The amount adsorbed slighly decreases with the molecular mass, 
but the change is negligible. 


DNs The amount adsorbed decreases considerably with the degree of 
hydrolysis. 


Be The effect of the molecular mass and the degree of hydrolysis 
can be explained well by the actual size and density of the random 
Comlse 

4. The amount adsorbed depends significantly on the polymer con- 


centration: until a critical value no change is observed, but over 
this limit the amount adsorbed increases exponentially. 


De The steep tendency of the n-c olymer relation in the vicinity 
of the critical concentration can be attributed to mechanical en- 
trapment. 


O. The amount adsorbed increases with the concentration of in- 
organic electrolytes, and the quality of the salts play an impor- 
tant role in the dynamic adsorption of the polyacrylamides. 


Ihc The effect of the inorganic salts can also be explained by 
the changes of coil structure. 


On The adsorption of the different polyacrylamides depends to a 
great extent on the wettability. On an oil-wet surface the sorp- 
tion of the polymers is zero. 


So The effect of surface active agents, caustic materials, al- 
cohols, etc., can be explained through wettability alteration, 
molecular interaction, mutual adsorption, and changes in the coil 
and the solution structure. No general explanation exists and all 
special systems must be treated individually. 


10. The chemical composition of the porous media fundamentally 
influences the adsorption. The rocks abundant in bi- and multi- 
valent cations (carbonates and clay minerals) adsorb more polymer 
than the sandstones and silica type minerals do. 


11. In natural porous systems only a part of the pores and the 
surface can take part in the adsorption, and the calculated cover- 
age usually far exceeds unity. 


12. In consolidated porous system the adsorption is always ac- 
companied by mechanical entrapment, therefore the description of 
the dynamic adsorption by exact mathematical formulas and terms 
Sm Cette tilkte. 


POLYACRYLAMIDE ADSORPTION IN POROUS MEDIA 841 


13. In general, the unhydrolyzed and partially hydrolyzed poly- 
acrylamides behave differently. The dynamic adsorption of hydro- 
lyzed polyacrylamides is more sensitive to all factors studied 
than the unhydrolyzed ones. 


The adsorption or the lack of adsorption of the polyacrylamides 
influences strongly the flow behavior of the polymer solution and 
carrier phases in the porous systems. If no adsorption takes place 
in the porous media, an identical hydrodynamic effect with the 
system containing adsorbed film can be maintained by use of 3-6 
times as much of the polymer. This fact unfavorably decreases in 
practice the effectiveness of the polymer flooding. 


SYMBOLS 


surface area, % 2 
equivalent diameter of random coil, A 
amount of adsorbed polymer, g/g 
concentration, gdm-3 

permeability, m2 

apparent permeability, m2 
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residual resistance factor 

volume, cm3 

pore volume 

viscosity ratio 
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OPTIMAL SALINITY OF POLYMER SOLUTION IN 


SURFACTANT-POLYMER FLOODING PROCESS 


Se eeemiGhowrands Ds O.= shah 


Departments of Chemical Engineering and Anesthesiology 
University of Florida 
Gainesville, Florida 32611, U.S.A. 


A systematic study of the effects of the salinity of connate 
water and polymer solution on oil-displacement by aqueous and oleic 
surfactant formulations was carried out. For both types of surfact- 
ant formulations, the maximum oil recovery was observed when the 
salinity of the polymer solution was at the optimal salinity of the 
preceding surfactant formulation. It is shown that the processes 
occurring at the surfactant slug-polymer solution mixing zone 
dominate the oil recovery efficiency. Polymer solution having the 
optimal salinity of the preceding surfactant formulation assures 
that the interfacial tension of oil ganglia or middle phase micro- 
emulsions with polymer solution will remain low. The low inter- 
facial tension together with adequate mobility control displaces 
the surfactant slug in a piston-like manner. 


For porous media containing substantial amount of clays and 
divalent ions, surfactant loss is significant and oil recovery 
efficiency is greatly decreased. Using the salinity shock design 
for polymer solution (i.e. an abrupt change in salinity), lower 
surfactant loss, adequate mobility control, equally favorable in- 
terfacial tension and less polymer requirement can be achieved as 
compared to that of constant salinity design for polymer solutions. 
High oil recovery in Berea cores was obtained using this design 
even in the presence of high concentrations of CaCl, in connate 
water. The role of the salinity of polymer solution in affecting 
the in situ surfactant partitioning, surfactant retention and in- 
terfacial tension is discussed. 
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INTRODUCTION 


The salinity of polymer solution can influence four major 
parameters of surfactant-polymer flooding process, namely, inter- 
facial tension, mobility control, surfactant loss and phase behavior. 
When polymer solution of various salinities are equilibrated with 
surfactant solution in oil, the formation of lower, middle and 
upper phase microemulsion has been observed (1) similar to the 
effect of increasing connate water salinity (2,3). Im general, 
there is an optimal salinity (2) which produces minimum interfacial 
tension and maximal oil recovery (1,4). On the basis of interfacial 
tension alone, the salinity of polymer solution should then be de- 
signed at or near the optimal salinity of the preceding surfactant 
formulation. 


Another factor in designing the polymer solution is the vis- 
cosity. It is well known that the viscosity of polyacrylamide 
solution decreases sharply with salinity. This factor then favors 
the use of fresh (very low salinity) polymer solution. More re- 
cently it has been shown that fresh polymer solution also gives 
lowest surfactant loss (1,5,6). This is because the dispersed and 
entrapped surfactant slug can be redissolved into low salinity 
polymer solution. A compromise between these opposing factors, 
interfacial tension vs. viscosity and surfactant loss, may lead 
one to design the salinity of polymer solution at a lower value 
than the optimal salinity of surfactant formulation (6) or a con- 
trast salinity design (6,7) of the preflush-micellar-polymer solu- 
tion process. 


It should be noted, however, that higher surfactant concentra- 
tion does not necessarily produce lower interfacial tension (8). 
A low salinity polymer solution capable of dissolving high concen- 
tration of surfactant may not have sufficiently low interfacial 
tension to mobilize and displace the oil ganglia left behind the 
surfactant slug. 


In this paper, the effect of the salinity of polymer solution 
on tertiary oil recovery by aqueous surfactant formulation and 
soluble oils in both sand packs and Berea cores are investigated. 
Tertiary oil recovery efficiency is discussed in light of the in- 
terfacial tension, surfactant loss and mobility control. A salin- 
ity shock design for the mobility buffer polymer solution for 
surfactant-polymer flooding has been proposed. The role of surf- 
actant partitioning with this design, particularly in the presence 
of high concentrations of CaCl» in connate water, is delineated. 
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EXPERIMENTAL 


A commercial petroleum sulfonate, TRS 10-410 (Witco Chemical 
Company) was used as received. This surfactant has an average 
molecular weight of 420 and is 62% active. The cosurfactant (iso- 
butanol of 99.9% purity) and the oil (dodecane or hexadecane of 
99% purity) were obtained from Chemical Samples Company, Columbus, 
Ohio. The composition of surfactant formulation will be specified 
in each section. Pusher-700 (Dow Chemical Company) was used to 
prepare the polymer solutions. Brine was prepared by dissolving 
NaCl or CaCl, in distilled water. Short sand packs with dimensions 
of 13 in. length x 1 in. diameter were used as the porous media for 
most of the studies. Four-foot long sand packs were used in sec- 
tion 2. The sand packs had a porosity of 38% and a permeability 
of about 4.2 Darcy. Rectangular Berea cores of dimension 12 in x 
1 in. x 1 in. were also employed in oil displacement tests, which 
had a porosity of 22% and permeabilities of 200 to 400 milli-Darcy. 
Interfacial tensions between effluent oil, brine and surfactant 
phase (microemulsion) were measured immediately after collecting 
from porous media by a spinning drop tensiometer. The viscosity 
of soluble oils and polymer solutions were measured by a Brookfield 
viscometer with UL Supe or a cone and plate viscometer at a 
shear rate of 6.6 sec ~ and reading taken 30 minutes after starting 
the rotation. Surfactant concentrations in effluent oil and brine 
were measured by a two-phase, two-dye titration method (9). 


Porous media were prepared by saturating with CO, at 50 psi 
to displace air, then were flooded with distilled water (for sand 
packs) or with 1.0% NaCl (for Berea cores) up to 10 pore volumes 
(PV). Subsequently, the porous medium was flooded with oil which 
reduced the brine approximately to 18% PV for sand packs and to 
33% PV for Berea cores and was subsequently brine flooded to ir- 
reducible oil content (approximately 25% PV for sand packs and 34% 
PV for Berea cores). A surfactant slug was then injected and dis- 
placed by polymer solution. The linear displacement velocity in 
the water flooding and subsequent surfactant slug and polymer solu- 
tion flooding was 2.78 ft/day for sand pack tests and 2.5 ft/day 
for Berea core tests (except for those shown in section 2). The 
size of polymer slug injected was 1 PV which was followed by brine 
of the same salinity as that of the polymer solution. Oil displace- 
ment experiments were performed at room temperature (23 + 1°C). 
The salinities of the connate brine, brine for water flooding and 
polymer solution will be specified in each section. Oil displace- 
ment results were expressed as percent oil recovery according to 


total oil produced 


residual oil + oil injected enue 


Tertiary Oil Recovery, % = 
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RESULTS AND DISCUSSION 


1. The Importance of the Salinity of Polymer Solution in 
Oil Displacement Process 


In this section we will show the effect of the salinity of 
polymer solution and connate brine on tertiary oil recovery by 
aqueous surfactant formulations (in 1.5% NaCl) and soluble oils. 
The optimal salinity of both types of formulations used in the 
present study was 1.5% NaCl (1,8). 


Oil displacement experiments were performed under different 
salinity conditions: (1) constant salinity of polymer solution at 
1,5% NaCl. (ive. optimal salinity: ofpthe solible.oil formufaticny, 
and variable connate water salinity; (2) constant salinity of 
connate water at 1.5% NaCl and variable salinity of polymer solu- 
tion and (3) the salinity of polymer solution equals the salinity 
of connate water, both varied simultaneously. Sand packs were 
chosen as the model porous media in order to avoid the effects of 
porous media heterogeneity, clays and surfactant adsorption loss. 
The compositions of aqueous formulation and soluble oils are speci- 
fied in Figures 1 and 2. The difference between their compositions 
reflects the density difference between water and dodecane whereas 
the surfactant and alcohol concentrations (w/v) are the same in 
both types of formulations. ._The polymer solution used was 1000 ppm 
PUSHER-700 in brine. For polymer solution in distilled water, the 
polymer concentration was reduced to 250 ppm to avoid excessive 
viscosity. Several experiments were repeated and the reproducibil- 
ity was established to be within 42% in tertiary oil recovery. 


Both Figures 1 and 2 show the following results: (1) Maximal 
oil recovery was obtained when the salinity of both polymer solu- 
tion and connate water was 1.5% NaCl. (2) When the salinity of 
polymer solution was 1.5% NaCl, oil recovery was favorable over a 
wide range of connate water salinities (0 to 4% NaCl). Oil recov- 
ery was 7/% for aqueous formulation and 62% for soluble oils when 
the salinity of connate water was as high as 10% NaCl. (3) On the 
other hand, when the salinity of polymer solution was shifted from 
1.5% NaCl (the optimal salinity of the surfactant slug), oil re- 
covery drastically decreased irrespective of connate water 
salinities. 


These results suggest that, for the present system, polymer 
solution salinity is far more critical than connate water salinity 
in tertiary oil recovery. In other words, the processes occurring 
at surfactant slug-polymer solution interface determines the final 
oil saturation and oil recovery efficiency in the systems reported 
here. Gupta and Trushenski (6) also suggested that oil recovery 
is controlled by the composition developing in the micellar-polymer 
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SLUG FORMULATION: 10% TRSIO-410 + 4% iBA IN DODECANE 


SLUG SIZE: 5% PV 

POLYMER SOLUTION: |OOO ppm PUSHER-700 IN BRINE 

BRINE SALINITY (BS) AND POLYMER SOLUTION SALINITY (PS): 
O PS=1.5% NaCl, BS VARIABLE 
@ BS=1.5% NaCl, PS VARIABLE 
A PS=BS, BOTH VARIABLE 


90 


Nv 
50 *POLYMER SOLUTION: 
250 ppm PUSHER-700 IN DISTILLED WATER 


TERTIARY OIL RECOVERY, % 


30 


| 2 3 4 10 
BRINE SALINITY OR POLYMER SOLUTION SALINITY, % NaCl 


O 


Fig. 1. The effect of salinity of connate water and polymer solu- 
tion on tertiary oil recovery by soluble oil slug in sand 
packs. 


mixing zone for aqueous micellar systems with crude oil in Berea 
core experiments. 


The mechanism of the above results which has been described in 
detail elsewhere (1) is summarized as follows. When the salinity 
of polymer solution is at the optimal salinity of the preceding 
surfactant formulation, middle phase microemulsion is produced in 
situ, which has ultra-low interfacial tension with resident brine, 
residual oil and polymer solution. This ultra-low interfacial 
tension together with adequate mobility control will allow the dis- 
placement of the surfactant slug in a piston-like manner.2 Con- 
sequently, favorable oil recovery can be obtained over a wide range 


*The propagation of the surfactant slug in sand packs can be 
visually observed. When the salinity of polymer solution was at 
1.5% NaCl, the slug front velocity was very close to the linear 
displacement velocity. The surfactant slug breakthrough, as 
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SLUG FORMULATION: 7.65% TRSIO-410 +3.06% IBA IN 1.5% NaCl 
SLUG SIZE: 5% PV 

POLYMER SOLUTION: |OOOppm PUSHER-700 IN BRINE 

BRINE SALINITY(BS) AND POLYMER SOLUTION SALINITY (PS): 


O PS=1.5% NaCl, BS VARIABLE 
@ BS=1.5% NaCl, PS VARIABLE 
ZA PS=BS, BOTH VARIABLE 


90 


70 


* POLYMER SOLUTION 
250 ppm PUSHER-700 


90 IN DISTILLED WATER 


TERTIARY OIL RECOVERY, % 


O | 2 S 4 10 
BRINE SALINITY OR POLYMER SOLUTION SALINITY,% NaCl 


Fig. 2. The effect of salinity of connate water and polymer solu- 
tion on tertiary oil recovery by aqueous surfactant slug 
in sand packs. 


of connate water salinities when polymer solution is maintained at 
the optimal salinity of the preceding surfactant slug. 


It should be mentioned that the necessary conditions for the 
validity of the above stated conclusions are that (1) the optimal 
salinity of the surfactant formulation remains approximately 
constant upon dilution, (2) there is a sharp minimum of IFT occur- 
ring at the optimal salinity, (3) mobility control is adequately 


indicated by the first appearance of thick emulsions or an abrupt 
decrease of interfacial tension between produced oil and brine (or 
emulsion), was in the range from 0.9 to 1.0 PV irrespective of the 
salinity of connate water, although severe tailing of the surfactant 
slug was observed when the salinity of connate water was very high. 
On the other hand, when the salinity of polymer solution was high, 
no surfactant slug breakthrough was observed; and for fresh polymer 
solution, the surfactant slug breakthrough was smaller than 0.8 PV. 
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maintained and (4) surfactant loss is not too severe at optimal 
salinity. The first two conditions are generally recognized for 
the validity of the optimal salinity concept. The importance of 
the last two conditions can be realized from the following example. 
When the salinity of connate water and polymer solution was at 1.5% 
NaCl in soluble oil flooding, decreasing the polymer concentration 
from 1000 to 250 to 0 ppm, tertiary oil recovery decreased from 89% 
to 69% to 53% and surfactant recovery (at 1.3 PV) decreased from 
67% to 42% to 25%. Thus in cases where mobility control is dif- 
ficult to maintain (such as Berea core experiments with crude oils), 
it may be desirable to design the salinity of polymer solution some- 
what lower than the optimal salinity of the surfactant formulation, 
since in this case, the lower phase microemulsions formed in porous 
media is miscible (in a broader sense) with the polymer solution 
and surfactant loss can be greatly reduced. 


2. The Effect of Length of Sand Packs and Displacement Velocity 
on Oil Displacement Efficiency 


The above experiments were performed in 13-inch long sand 
packs and the linear displacement velocity was 2.78 ft/day. It 
was desirable to understand how the length of the sand packs and 
fluid velocity would influence the major conclusions we have drawn 
in the last section. The effect of the salinity of polymer solu- 
tion in oil recovery by soluble oils in 4 ft long sand packs was 
studied. The linear displacement velocity during tertiary flood- 
ing was reduced from 2.8 to 1.0 ft/day. The results together with 
some of the previous results in 1.1 ft long sand packs are shown 
in Table 1. It is shown that tertiary oil recovery was slightly 
higher (1 to 5%) for oil displacement in longer sand packs. 
Maximal oil recovery still occurred at 1.5% NaCl polymer solution. 
The interfacial tension between effluent oil and brine (or micro- 
emulsion) remains approximately the same (for both sand packs at a 
given salinity) as shown in Figure 3. The pressure drop history 
during tertiary flooding also shows nearly identical behavior for 
long and short sand packs. These observations indicate that the 
transport process in porous media is nearly the same for the 1.1 
and 4 ft long sand packs and the conclusions drawn in section 1 
should also be valid for oil displacement in 4 ft long sand packs. 


3. The Effect of Salinity of Polymer Solution on Oil 
Displacement in Berea Cores 


Tertiary oil recovery in Berea cores by soluble oils was 
studied. Hexadecane instead of dodecane was used in this study. 
Two connate water salinities were used. One was 2.1% NaCl (the 
optimal salinity of the surfactant formulation) and the other was 
3% NaCl + 1% CaCl,. The results are shown in Table 2. For both 
connate water salinities, maximal oil recovery was obtained when 
the salinity of polymer solution was 2.1% NaCl. Surfactant 


850 S. |. CHOU AND D. 0. SHAH 


Table 1. The Effect of the Salinity of Polymer Solution, on 


Soluble Oil Flooding in 4 ft Long Sand Packs*?”?© 
Salinity of Mewsteltarsye One Surfactant 
Polymer Solution Recovery Recovery Gales aPNi 
0% Naci? 80.7% (76%)° 95.3% (99%) © 
1.17% Nact 90.5%. (85%) 89.0% (85%) 
1.5% NaCl 92.2% (89%) 74.3% (67%) 
4.0% NaCl RD 37 e(417) al at) 


a. Soluble oil formulation: 10% TRS 10-410 + 4% IBA in 
dodecane, 5% PV slug 

b. Connate water salinity = 1.5% NaCl 

c. Linear displacement velocity in 4 ft long sand packs was 
1.0 ft/day whereas that in 1.1 ft long sand packs was 
2. 18n ft) day 

d. Polymer concentration used in this case was 250 ppm, 
while in other cases it was 1000 ppm 

e. The numbers in parentheses are the results in 1.1 ft 
long sand packs (Figure 1) while the rest are for 4 ft 
long sand packs 


recovery is higher when the salinity of polymer solution is lower, 
however. 


A comparison of these results with the results in sand packs 
(Table 1) shows that surfactant recovery is reduced by at least 
50% for all cases while oil recovery is reduced by only 10% to 17%. 
Part of the decrease of oil recovery could be due to the lower 
permeability of Berea cores (200 to 400 milli-Darcy) than sand 
packs (4 Darcy). It seems that the surfactant recovered in the 
low salinity polymer solution is not very effective in displacing 
the residual oil ganglia left behind the surfactant slug due to 
high interfacial tension. 


The presence of 1% CaCly in connate water decreases the oil 
recovery substantially for all cases. Maximal oil recovery was 
51% when the salinity of polymer solution was 2.1% NaCl (i.e. 
optimal salinity). It is interesting to note that this value is 
still much higher than the oil recovery of 25% when the salinity 
of connate water is 2.1% NaCl and the salinity of polymer solution 
is 4% NaCl (Table 2). This demonstrates that the salinity of poly- 
mer solution is more critical than the salinity of connate water 


in Berea cores similar to the results in sand packs (Figures 1 and 
23 
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SALINITY OF POLYMER SOLUTION SAND_ PACKS 
4,4 0 %NaCl 0,4,0_ I.I-ft. LONG 
o,8 l.l %NaCl @,4,@ 4-ft. LONG 
o,e %'.5 %NaCl 


dynes/cm 


INTERFACIAL TENSION, 


0.5 1.0 1.5 
EFFLUENT, PORE VOLUMES 


Fig. 3. The effect of the salinity of polymer solution on the 
interfacial tension between effluent oil and brine (or 
microemulsion) for soluble oil flooding in 1.1 ft and 
4 ft long sand packs. 


4. Salinity Shock Design for the Polymer Solution 


It has been shown that there are two opposing factors, inter- 
facial tension vs. surfactant loss and viscosity, in designing the 
salinity of polymer solution. Instead of making a compromise 
between these opposing factors, we propose here a method which can 
take advantage of all of these factors. The salinity of polymer 
solution need not be uniform and can be designed in any manner as 
long as ultra low interfacial tension is maintained near the surf- 
actant slug/polymer solution interface. The salinity shock design 
(i.e. an abrupt change in salinity) of polymer solution employs 
two slugs of polymer solution in which the first slug of the poly- 
mer solution is at the optimal salinity of the preceding surfactant 
formulation and the second polymer slug in fresh water containing 
lower concentration of polymer. The design criterion for varying 
salinity and concentration is such that each successive slug of 
polymer solution has a higher viscosity. This is possible because 
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Table 2. The Effect of the Salinity of Polymer, Solution on 


Soluble Oil Flooding in Berea Cores®? 

Connate Salinity of Tertiary Oil Surfactant 
Water Polymer Solution Recovery Recovery @ 1.5 PV 
2.1% NaCl 0.05% Nac1© 68% 44%, 
2.1% NaCl 1.5% NaCl 81% 34% 
Zale NaGi DL Aa NaGL 82% 14% 
2,12 NaGL 4.0% NaCl 23% ~0 

3% NaCl+1% CaCl, 0.05% Nacl” 42% 25% 

3% NaC1+1% CaCl, 1.4% NaCl 40% 122 

37 Naci+17 CaCl, 2 «lzo Nac) LF 72 

3% NaC1+1% CaCl, 4.0% NaCl alk, ~0 


a. Soluble oil formulation: 10% TRS 10-410 + 4% IBA in hexa- 
decane; 5% PV slug. Permeability of the 13" x 1" Berea 
cores = 200 to 400 milli-Darcy, porosity = 22% 

b. Linear displacement velocity = 2.5 ft/day 

c. Polymer concentration used in this case was 500 ppm, while 
in other cases it was 2000 ppm 


the viscosity of polyacrylamide solution decreases sharply with 
salinity (in the range 0 to 0.5% NaCl). 


The results of tertiary oil recovery in Berea cores by both 
aqueous formulations and soluble oils with this design of polymer 
solution are shown in Table 3. For both soluble oils and aqueous 
surfactant formulations, tertiary oil recovery was substantially 
improved with this design. Surfactant recovery was comparable or 
higher than those by polymer solution in fresh water (Table 2). 
This design worked particularly well with connate water containing 
1% CaCly (Figures 4 and 5). As compared to previous results shown 
in Table 2, tertiary oil recovery increased from 51% to 88% or 89% 
(duplicate experiments) for soluble oil formulation and surfactant 
recovery increased from 7% to 48% (Tables 2 and 3 and Figure 5). 


Figure 6 shows the cumulative oil recovery history. For both 
aqueous and soluble oil formulations, oil recovery was considerably 
delayed when the connate water contained 3% NaCl and 1% CaCl5. 
Tertiary oil recovery was not complete until 1.5 PV effluents were 
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Table 3. Salinity Shock Design of Polymer Solutions for Oil Dis- 


placement in Berea Cores4>>>¢, 

Slug Connate Water Tertiary Oil Surfactant 
Formulation Salinity Recovery Recovery @ 1.5 PV 
Soluble Oil 2.1% NaCl 957 40% 
Soluble Oil 2 WE EOAL 90% 45% 
Soluble Oil 37 NaGiee/, CaCl, 88% 48% 
Soluble Oil SYK NEIGIE ae 104 CaCl, 89% m= 

Aqueous 2.1% NaCl 87% 43% 
Aqueous SVh WEIL => ILA CaCl, 86% BSE 


a. Polymer solution was 2000 ppm PUSHER-700 in 2.1% NaCl, 0.4 PV 
slug; followed by 500 ppm in 0.05% NaCl, 0.6 PV slug 

b. Soluble oil formulation = 10% TRS 10-410 + 4% IBA in hexa- 
decane; 54 PV slug. Aqueous formulation = 7.65% TRS 10-410 + 
3.06% IBA in 2.1% NaCl; 5% PV slug. Different concentrations 
(w/w) of oleic and aqueous formulations were employed to take 
into account their density difference so that the amount of 
surfactant and alcohol injected was the same 

c. Permeability of the 13" x 1'' Berea cores = 200 to 400 milli- 
Darcy; porosity = 22% 

d. Linear displacement velocity = 2.5 ft/day 


produced. The delayed oil recovery can be easily understood from 
Figures 7 and 8. Figures 7 and 8 show the surfactant concentra- 
tions, partition coefficient and interfacial tension of effluent 
fluids for soluble oil and aqueous surfactant formulations respec-— 
tively. The partition coefficient passes through unity near 1.35 
PV effluents producing a minimum interfacial tension (0.002 dynes/ 
cm). This low interfacial tension together with the high viscosity 
of fresh polymer solution can remobilize and displace the residual 
oil ganglia left behind the surfactant slug.> This caused the 
delayed high oil recovery. 


OT deine from the surfactant concentration profile of the ef- 
fluent fluids, the surfactant slug can be hardly classified as a 
slug in the latter stage of the displacement process. However, the 
dispersive mixing in Berea cores was not overly drastic as. other- 
wise the minimum IFT would not occur near 1.35 PV effluents. 
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Fig. 4. The effect of salinity change of polymer solution on oil 
displacement efficiency and surfactant recovery for con- 
nate water of 2.1% NaCl. 
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Fig. 5. The effect of salinity change of polymer solution on oil 
displacement efficiency and surfactant recovery for con- 
nate water of 3% NaCl + 1% CaClo. 


SALINITY INSURFACTANT—POLYMER FLOODING 855 


CONNATE WATER SURFACTANT FORMULATION 


0,4 2.1% NaCl 0,@ AQUEOUS 
@,4 3% NaCl+ 1% CaClo 4,4 SOLUBLE OILS 
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Fig. 6. Cumulative tertiary oil recovery of a salinity shock 
design of polymer solution (i.e. two polymer slugs) for 
soluble oil and aqueous surfactant formulation. Note 
the delayed oil recovery when connate water contains 


iLé CaCl... 


The behavior of the partition coefficients shown in Figures 7 
and 8 can be explained as follows. Near the leading edge of surf- 
actant slug, the in situ phase behavior is of an upper phase type 
microemulsion due to the high salinity of connate water. Part of 
this microemulsion is trapped in porous media much the same as 
residual oil is trapped. The entrapped surfactant can be sub- 
sequently redissolved into the upcoming fresh polymer solution 
which lags 0.4 PV behind the tailing edge of surfactant slug. As 
a result, the surfactant partition coefficient between produced 
oil and brine passes through unity near 1.35 PV effluents. The 
detailed mechanism can be much more complicated than that men- 
tioned because the salinity of polymer solution changes along the 
process. 


In summary, as shown in Figure 9, the salinity shock design 
of mobility polymer solution can provide ultra low interfacial 
tension at microemulsion/polymer solution interface, reduce surf- 
actant loss, and achieve high oil recovery efficiency. The poly- 
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Fig. 7. Surfactant concentration in oil and brine, partition co- 


efficient and interfacial tension of effluent fluids of 
soluble oil flooding in Berea cores containing high con- 
centration of CaCl5. The salinity shock design of polymer 
solution (i.e. two polymer slugs) was used. 
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Fig. 8. Surfactant concentration in oil and brine, partition co- 


efficient and interfacial tension of effluent fluids of 
aqueous surfactant slug flooding in Berea cores contain- 
ing high concentration of CaCl». The salinity shock 
design of polymer solution (i.e. two polymer slugs) was 
used , 
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9. Schematic representation of the salinity shock design 
(i.e. an abrupt change of salinity) of polymer solution 
for a more efficient oil displacement using surfactant- 
polymer flooding process. 


acrylamide consumption can also be reduced by about 50% with this 
design. When connate water contains high concentration of CaClo, 
ultra low interfacial tension and high oil recovery can be obtained 
by achieving in situ partition coefficient of surfactant near unity. 


this 


(1) 


(2) 


CONCLUSIONS 


The following major conclusions are drawn from the results of 
study. 


When the salinity of polymer solution was at the optimal sa- 
linity of the preceding surfactant formulation, oil recovery 
in sand packs was favorable over a wide range of connate water 
salinities for both aqueous and oleic surfactant formulations. 
Oil recovery drastically decreased when the salinity of poly- 
mer solution was shifted from the optimal salinity even when 
the connate water was at the optimal salinity. These results 
indicate that the processes occurring at the surfactant slug- 
polymer solution mixing zone dominate the oil recovery effi- 
ciency. 


The increase of the length of sand packs from 1.1 to 4 feet 
and the decrease of displacement velocity from 2.8 to 1.0 ft/ 
day during tertiary flooding did not change the oil recovery 
appreciably. The surfactant recovery, interfacial tension 
between effluent oil and brine as well as the pressure drop 
history remained approximately the same indicating that the 
transport process in porous media was nearly identical for 
these two cases. 
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(3) For oil displacement in Berea cores especially in the presence 
of 1% CaCl» in connate water, surfactant loss was quite sig- 
nificant and the oil recovery was greatly reduced. Maximal 
oil recovery was obtained when the salinity of polymer solu- 
tion was at or slightly below the optimal salinity of surf- 
actant formulation. 


(4) The salinity shock design of polymer solution employs two 
slugs of polymer solution in which the first polymer slug is 
at the optimal salinity which provides ultra low IFT and main- 
tains mobility control, while the second polymer slug at a 
much lower salinity is capable of reducing the surfactant 
loss. Oil recovery in Berea cores was as high as 86% even 
in the presence of 3% NaCl + 1% CaCly in connate water. 


(5) When the salinity of connate water was much higher than the 
optimal salinity, the mechanism of the high oil recovery by 
this polymer solution design was due to the achievement of 
in situ surfactant partition coefficient near unity which 
produces ultra low IFT behind the tailing edge of surfactant 
slug. 
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POLYMER-SURFACTANT INTERACTION AND ITS EFFECT ON 


THE MOBILIZATION OF CAPILLARY-TRAPPED OIL 


F. Th. Hesselink and M. J. Faber 
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P.O. Box 60, Rijswijk, Netherlands 


Surfactant slug/polymer drive systems which have proved to be 
effective in recovering waterdrive residual oil in 30 cm long 
Bentheim sandstone cores have been found to be much less effective 
in longer (90 cm) cores. This is attributed to polymer/surfactant 
phase separation, the phenomenon which has little time to develop 
in experiments with short cores. 


The effect of polymer on the surfactant/brine/oil phase be- 
havior has been investigated, indicating that polymer is usually 
present in an aqueous phase, which can be highly concentrated. 
Furthermore, polymer will extract water from a microemulsion phase, 
thus increasing the surfactant concentration in the microemulsion 
and shifting the invariant point M away from the brine corner. 

This causes an increase in the microemulsion/brine interfacial 
tension. In a core flood this may lead to trapping of a micro- 
emulsion phase and thus to high surfactant losses. Polymer may 
also cause a drastic increase in the viscosity of the microemulsion 
(perhaps a non-equilibrium effect), which is an additional factor 
hampering the displacement efficiency and thus increasing surfact-— 
ant loss. 


These effects are discussed in terms of the well-known in- 
compatibility of two different polymers in a single solvent, con- 
sidering the microemulsion/swollen micelles as a pseudo-polymer 
system. 


Reduction of the brine salinity reduces the size of the micro- 
emulsion 'particles' and therefore should suppress polymer/surfact- 
ant incompatibility. Indeed, core floods with a reduced salinity 
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in the polymer drive have shown little indication of polymer/ 
surfactant incompatibility, a very good recovery of residual oil 
and a drastic reduction of surfactant losses. 


INTRODUCTION 


The surfactant-brine-oil phase behavior relevant to the micro- 
emulsion flooding process of enhanced oil recovery has been de- 
scribed in a number of papers in the literature (1). In these 
papers it has been indicated that under suitable conditions a 
microemulsion phase can be found to be thermodynamically stable in 
contact with an aqueous solution and with oil. Furthermore, it 
has been described how this phase behavior depends on the type of 
surfactant and cosurfactant, ionic composition of the brine, type 
of oil and on temperature. 


Middle-phase microemulsions, which can exist in equilibrium 
with almost pure brine and oil, have been shown by many authors 
(1) to be most suitable for mobilization of capillary-—trapped 
waterdrive residual oil. This is explained on the basis of the 
extremely low interfacial tension between this type of microemul- 
SHoyel Chaise foul (Cy 1.0m2 mN/m), causing almost complete mobilization 
of capillary-trapped oil, and on the basis of the equally low in- 
terfacial tension between such a microemulsion and brine, which 
prevents the trapping of a surfactant-rich microemulsion phase. 


We have previously described (2) how a surfactant system 
producing such an optimal microemulsion in situ upon contact with 
residual oil was able to recover 90% of the waterdrive residual 
oil from short (30 cm) Bentheim sandstone cores (Figure 1). 


In this paper we report on surfactant floods in longer (0.9- 
1.5m) Bentheim sandstone cores. The purpose of these experiments 
has been to investigate the possible occurrence of incompatibili- 
ties between the surfactant slug and the polymer drive in cores. 
In test tubes we had observed that, upon contacting an aqueous 
surfactant and polymer solution, a liquid-liquid phase separation 
can become visible after some time (2-40 hours). Such a phase 
separation could be harmful in field application, whereas it may 
either not show up or have only little effect in 0.3m core experi- 
ments, since these take only 24 hours. 


In connection with these experiments, data are presented on 
how the surfactant-brine-oil phase behavior is influenced by small 
amounts of a polysaccharide polymer dissolved in the brine. This 
polymer apparently complicates phase behavior considerably; in 
principle a fourth axis is required in the phase diagram. However, 
in view of the approximate nature of the ternary representation of 
the surfactant-brine-oil system, we shall not attempt to draw sys- 
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Fig. 1. Surfactant flooding experiments in Bentheim sandstone 
cores (30 cm long, T = 62°). Oil production versus 
cumulative injection. 


tematic 3D phase diagrams, but only present the data required for 
the interpretation of the core flooding experiments. 


EXPERIMENTAL 


In the core flooding experiments the waterflood residual oil 
saturation was established in the usual manner, i.e., the core was 
evacuated, flooded with brine, then with oil and again with brine 
until no more oil was produced. The core was then flooded with a 
finite (0.13 pore volume) surfactant slug, followed by a biopolymer 
drive (Table 1). The most important variable in these experiments 
was the salinity of the polymer drive. The flooding rate was 1 ft/ 
day. The surfactant mixture contained Witco's TRS 12B (62% a.i.) 
(a petroleum sulfonate) and Shell's Neodol 25-3S (60% a.i., an 
alkyl ethoxy sulfate) in a fixed ratio of 9:1 equivalents. The 
mixture further contained 12% isobutanol. The oil was a 1.9 mPa.s 
crude from North West Borneo. The 1.7% brine contained 5800 ppm 
NaCl, 10700 ppm NaHCO3, 68 ppm CaCl», and 47 ppm MgClo. The poly- 
mer was Kelco's polysaccharide polymer Xanflood. In the phase 
behavior studies the data were obtained at least 30 days after 
preparation of the solutions. All data refer to 62°C. 


RESULTS AND DISCUSSION 


The results of the core flooding experiments are summarized 
in Table 1. In the 30 cm core and in experiment 1, all aqueous 
solutions (connate water, waterflood, surfactant slug, polymer 
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Table 1. Oil Recovery and Surfactant Retention in Surfactant 
Floods through Bentheim Sandstone Cores (62°C, Slug-size 
13% pore volume, surfactant (100% a.i.) concentration 


4%) 


Experiment Salinity Oil Saturation| Surfactant Retention 


water- polymer-| water» chem. |% of injected meq/100g 
drive drive drive drive surf. 


30 cm WSK ike iA 


em) jl. A 1.72% 
em) {| 0.322% Aver 
em)} 0.322 1.7% 
cm) eis 7% 0.322% 
em)| 1.7% @.322 
em) hel 7% ORS 274 


drive) had the same (1.7%) salinity. In the long core experiment 
only 63% of the waterflood residual oil was recovered (Figure 2), 
whereas in a 30 cm core we had recovered about 90% of the residual 
oil. Cutting open the long core showed that the first part of the 
core had been swept almost completely clean of oil, whereas in the 
last part only about 50% of the core had been flushed. This effect 
of core length (residence time, flooding rate?) is a distinct 
warning against experiments in cores of too short length where 
subtle incompatibilities between injected fluids have no time to 
show up and may remain unnoticed until later. 


In experiments 2 and 3, we brought the core to residual oil 
saturation with a 0.32% brine, while surfactant slug and polymer 
drive were made up in 1.7% brine. The results are somewhat better 
than in experiment 1, but still unsatisfactory. 


Since we expected the problems to occur in the transition zone 
between surfactant slug and polymer drive, we investigated the 
phase behavior (phase volumes, viscosities) and interfacial activity 
of the surfactant/oil/brine system in the absence and presence of 
polymer (Figure 3). In the absence of polymer the design criteria 
for an active surfactant system are met; i.e., the oil/microemulsion 
and microemulsion/brine interfacial tensions are of the order of a 
UN/m (1073 dyne/cm) or less, the microemulsion at the invariant 
point M contains about equal amounts of oil and brine and the 
microemulsion viscosities are about three times that of the oil 
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Fig. 2. Oil production versus cumulative injection. 


over a range of compositions (Figure 3). Therefore, the mobiliza- 
tion of residual oil and the displacement of the oil bank should 
have proceeded satisfactorily. 


With 1200 ppm polymer present in the brine, the position of 
the invariant point M does not shift much, but we observe further 
important deviations from phase behavior in the absence of polymer: 
the microemulsion/brine interfacial tensions are about 3-10 times 
higher than in the absence of polymer (Figure 3). This may lead 
to incomplete displacement of the microemulsion by the polymer 
drive, i.e., a certain amount of microemulsion will remain trapped 
by capillary forces. This contributes to the high surfactant 
retention observed in experiments 1-3. 


Furthermore, the viscosities of both the microemulsion and 
brine phases are very high, about twice as high as the viscosity 
of the 1200 ppm polymer drive itself (Figure 3). This polymer 
drive may therefore be expected to bypass these viscous microemul- 
sion phases, causing an unstable displacement and contributing to 
the high values for surfactant retention in the core that were 
observed in experiments 1-3. This phase separation problem is 
aggravated by the fact that polymer molecules tend to travel at a 
somewhat higher average velocity through the reservoir than the 
brine they are dissolved in, the so-called ‘inaccessible pore 
volume' phenomenon. This phenomenon can also be observed in Figure 
2, where the viscosity increase in the produced brine precedes the 
arrival of the inorganic tracer dissolved in the polymer drive. 
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In the right-hand part of the ternary diagram, where the micro- 
emulsion is in equilibrium with oil, the polymer is found as a hy- 
drated mass on the bottom of the test tube, in fact as a third 
phase. The effects of increasing amounts of polymer on the 
surfactant-brine-oil phase behavior have been systematically 
studied with polymer concentrations up to 4000 ppm. Figure 4i 
shows the continuous shifting of the invariant point M to the right 
with increasing polymer “concentration. 


In general, it is observed that polymer will predominantly, if 
not totally, remain in an aqueous phase, if necessary extracting 
water from a microemulsion phase. Thus, the M point shifts to com- 
positions with a lower water content and the left (two-phase) lobe 
in the ternary diagram is raised to higher surfactant concentra- 
tions, the surfactant being expelled from the polymer-containing 
phase and water being transferred from the microemulsion into the 
polymer-containing phase. Therefore, the aqueous phase and the 
microemulsion become more dissimilar in composition, resulting in 
higher interfacial tensions. This incompatibility of a polymer 
solution and an active surfactant system in which ‘presumably very 
large micellar associates are present is a special case of the 
general phenomenon that two chemically different polymers dissolved 
in a single solvent usually show phase separation. 


Several examples of polymer-polymer incompatibility in aqueous 
solution are given in Reference 3, whereas de Hek and Vrij (4) 
recently described a phase separation in a solvent in which both 
polymer and colloidal spheres were dissolved. Phase separation can 
be suppressed by reducing the molecular weight of the polymers. 
Reduction of the salinity reduces the size of the surfactant mi- 
celles and indeed also the polymer-surfactant incompatibilities 
(5,6). Actually, reduction of the salinity of the polymer drive, 
even without direct reference to polymer/surfactant incompatibili- 
ties, has recently become a favorable recipe for successful micel- 
lar floods (7-9). 


A number of surfactant floods (experiments 4-6) were therefore 
run in cores of 0.9-1.5 m length in which the salinity of the poly- 
mer drive was only 20% of the salinity of the preceding water drive 


1 ohe phase behavior studies reported in Figure 4 were per- 
formed in a brine of similar salinity as in Figure 3, but contain- 
ing additives to ensure long-term chemical stability of the polymer; 
among these additives was 0.4% isopropanol. These additives have 
a marginal effect on phase behavior and the same increase in micro- 
emulsion/aqueous phase interfacial tension has been observed. How- 
ever, we did not find the drastic increases in viscosity reported 
in Figure 3. 
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Fig. 4. Shift of ‘'invariant' point M with increasing polymer con- 
centration. 


and surfactant slug. At this salinity no polymer/surfactant phase 
separation was observed. This low salinity of the polymer drive 
caused a reduction of the salinity in the transition zone between 
the surfactant slug and polymer drive and therefore of the detri- 
mental polymer/surfactant incompatibilities in this zone. Recovery 
of residual oil in these experiments (Table 1) was very good 
(85-90% of Sars leaving about 4-5% of residual oil in the core 
after the chemical flood (Cpe In addition, the surfactant re- 
tention in the core was considerably lower (Table 1). Apparently, 
the salinity reduction of the polymer drive effectively suppressed 
the undesirable incompatibilities between surfactant slug and poly- 
mer drive. 


-The peak in the viscosity of the aqueous phase following the 
oil bank shown in Figure 1 could be caused by either 


a. remnants of polymer/surfactant incompatibilities not 
strong enough to influence oil recovery or surfactant 
retention and/or 

b. inaccessible pore volume effects; polymer molecules pro- 
ceeding faster through the core than the brine they are 
dissolved in cannot easily enter the microemulsion zone 
and therefore concentrate just behind this zone. 

Similar but smaller peaks have been observed in experiments 4 and 
6. These peaks are especially sensitive to alcohol and salinity. 
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